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 Abstract 
Planform Characterization of a High Lift, Low Speed, Ground Effect Glider 
Meagan L. Hubbell 
The main objective of this research was to design and develop a planform shape for a 
single passenger, unpowered, subsonic glider that relies on gravitational forces for momentum. 
The wing structure and aerodynamic shape optimized the benefits of near-ground flight (i.e. the 
increased lift and decreased induced drag), and as a result reduced the overall aircraft weight and 
wingspan, and enhanced the maneuverability of the craft. 
The design faced many challenges as a result of flight in the ground effect regime. There 
were natural instabilities, primarily in the longitudinal direction that caused the glider to pitch up. 
In addition, the wing size needed to be minimized in order to contain flight to the ground effect 
regime while maintaining enough lift to generate flight for a given rider.  
An initial straight wing design was developed to determine if a ground effect vehicle 
without specialty aerodynamic features (such as wingtips, dihedral, twist, etc) could be created. 
As a result, a basic glider was designed that had a 10.6 ft root chord length with a wing span of 
18 ft; this design accommodated the physical requirements of a pilot while maintaining 
acceptable but limited maneuverability.  
In an effort to enhance aerodynamic performance, above that achieved by a straight wing 
design, variations in the planform shape were examined computationally in ground effect. These 
changes were inspired by the wing structures of birds that utilize ground effect for a large portion 
of their flight regime such as seagulls and pelicans. The modifications include twisting and 
curving the wings in an effort to vary the frontal areas and arc the wings towards the ground 
plane. The optimal design configurations were then tested experimentally in the subsonic wind 
 tunnel, at reduced Reynolds number, to verify the performance characteristic trends and 
compared with the predicted CFD and analytical results. 
Results indicated that 10% twisted wings produced the greatest improvement in the lift 
profile as compared to the baseline straight wing design of the glider while in ground effect. This 
allowed for a reduction in the overall size of the glider by 4.5% which allows for an overall 
reduction in weight and a decrease in the wing span allowing for an increasing in the banking 
angle and thus an increase in the maneuverability. 
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Chapter  1.0 Introduction 
This chapter discusses the objectives of this research and includes both the goals and a 
description of the steps necessary to achieve them. In addition it will cover the origins of the 
concept as well as the benefits of this research. 
1.1 Background/Genesis 
This new ground effect, gravity propelled aircraft referred to as AirRay was initially 
conceptualized through observations of low flying sea birds that would curve their wings when 
flying close to the surface of the water as a way of capturing the updrafts at a wave’s edge. This 
style of biomimicry resulted in the development of the conceptual design shown in Figure 1. 
 
Figure 1: Concept Design of AirRay (1) 
 
This aircraft, as initially conceptualized, would be a small, unpowered, low speed (<30 
mph), single passenger, recreational vehicle which would operate on downhill slopes and fly in 
ground effect. Historically, ground effect aircraft have been powered, capable of carrying 
anywhere from four to a couple hundred people and fly at velocities upwards of 60 mph. AirRay, 
as a glider, is substantially different from historical ground effect vehicles. The concepts and 
techniques developed, and utilized in maintaining flight for such a unique vehicle, could have 
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widespread application to ground effect aircraft and enhance the field for ground effect flight in 
this regime.  
1.2 Program Objectives 
The main objective of this program is to design and develop the aerodynamics for a 
small, single passenger, unpowered, subsonic glider that relies on gravitational forces for 
momentum. In order to do so, the geometry of AirRay was designed to optimize the benefits of 
ground effect (i.e. the increased lift and decreased induced drag). In addition, the design of 
AirRay will attempt to minimize the overall weight and wingspan thus maximizing 
maneuverability. It is desirable to obtain a final design that is light enough to be carried by one 
person and small enough to be easily maneuverable in flight.  
A basic straight wing was initially designed to determine the capabilities of a glider 
without the influence of twist (Figure 2), wing extensions, dihedral, or spanwise wing curvature 
(Figure 2). A preliminary literature search indicated that some of these features have only been 
loosely examined in ground effect, while others have yet to be examined. This research applied 
some of these features individually such as twist and spanwise wing curvature to the design 
computationally to determine the impact they had on the lift and drag effects as well as their 
ability to enhance stability and maximize maneuverability, and then to validated these findings 
experimentally at reduced Reynolds numbers.  
Wingtips and endplates have been examined since the 1960’s for their effects on aircraft 
flying in ground effect and have a known influence on straight wings (2). Dihedral and spanwise 
wing curvature have been neglected as to their influence on lift in ground effect, but have been 
studied for their impact on lateral stability in free flow. Twist has also been scrutinized for its 
effect on delaying stall in free flow, but has not been applied for its impact in ground effect.  
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Both twist and curvature have the capability to structurally create a curved surface on the 
underside of the wing. This could allow for a recirculation of flow that has the potential to 
increase lift as a result of the proximity to the ground above that of the straight wings. This was 
partially demonstrated in the 1960’s with the Russian development of one-sided endplates that 
were turned down as a way to increase the size and modify the shape of the capture area (2). This 
has also been demonstrated in nature since many birds have a tendency to cup their wings when 
approaching the ground to take advantage of updrafts and/or to increase the capture area.  
1.3 Research Objectives 
This research analyzed the effects of wing curvature through two methods. The first 
method incorporated a twist in the wing originating from a point along the trailing edge so that 
the leading edge rises up as shown in Figure 2 on the right. The root and chord remained 
unaltered while the maximum twist occurred in the center of the wing. The second method 
involved spanwise curvature  so that the wing saw both a dihedral and anhedral arc that returned 
the tip to the horizontal plane at the root as shown in Figure 2 on the left. This is similar to the 
twisting method, however, both the leading and trailing edge was curved instead of just the 
leading edge. 
  
Figure 2: Spanwise Curvature (left), Twist (right) 
 
1.4 Benefits of Contribution 
The concept of ground effect is not new; however, its application to such a small, low 
speed, unpowered glider is unique. For decades the inherent problems associated with ground 
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effect have challenged designers of new and improved aircraft concepts. The use of arc 
dihedral/anhedral and twist as a way of modifying the capture area to be curved on a ground 
effect aircraft in order to generate more lift is also novel. This research can be applied in the 
future not only to AirRay as a gravity propelled aircraft, but to any powered aircraft that operates 
in ground proximity flight. This could lead to new avenues of low-speed, single or multi, rider 
aircraft that could have commercial and military applications as scout vehicles, border patrol 
over untamed landscape, or for towing vehicles which are capable of flying over minefields. 
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Chapter  2.0  Literature Review 
This chapter discusses research that has been performed by previous researchers in the 
field of ground effect as well as general aerodynamic concepts that apply to the current proposed 
research.  
2.1 Review of General Aerodynamics 
This section discusses early development of aircraft and the aerodynamic geometries that 
were utilized in order to understand the impact each of these geometries have on the proposed 
aircraft’s flight capabilities.  
2.1.1 Early Developments 
The concept of flight has fascinated mankind since the time of ancient civilization. 
Almost every culture in the world has a myth about the concept of flight and the foolish attempts 
that were made to achieve it. Through the years, there were many that speculated about the 
ability to fly and potential methods to achieve this goal. Among these men was the 13th century 
philosopher, Roger Bacon, who was convinced of the possibility of human flight and its eventual 
development. Later, the 15th century scientist Leonardo DaVinci speculated on the potential of 
human flight and developed concepts that could achieve it. Eventually, with the age of 
enlightenment came the birth of aviation from the “father of aeronautics”, Sir George Cayley. 
The English baronet spent his entire life combining the basic principles of flight into working 
models including one that achieved human flight. From his efforts, new ideas and technologies 
began to emerge including the hot air balloon which became prominent in the late 1700’s as a 
military weapon. In the mid-1800’s a few brave men attempted flight with prototype 
monoplanes. While they were able to take-off and land relatively safely, no stable flight was 
achieved.  
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In 1893, Otto Lilienthal became the first real aviator when he managed to achieve 
sustained flight in what is called an Ostandardo glider (3). This monoplane had cambered wings 
and a tail, and was capable of gliding up to 300 feet as shown in Figure 3. He continued to 
research in the area of  aviation until his death during an experimental flight in 1896.  
 
Figure 3: Otto Lilienthal's 1893 glider (3) 
 
As the turn of the new century began, the Wright brothers would come forward as the 
next contenders in modern flight development. By December of 1903, the Wright brothers had 
created and successfully flown the world’s first manned, powered, flight sustainable aircraft to 
the amazement of the world and for the future of aviation. (3) 
2.1.2 Sweep 
The concept of swept wings was first developed in 1935 by Adolf Busemann, a German 
engineer, and revealed to the world during the 5th Volta Conference in Rome, Italy (4). The 
conference was held to discuss the potential for flying faster than the sound barrier and engineers 
came from across the globe with their research in an effort to further the field of aviation. One 
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year after the conference, the concept of swept wing aircraft was being used by the German 
military for classified research and development. This lead to the first swept wing jet airplane, 
the ME 262, which made an appearance in Germany during World War II (4).  
Wing sweep is defined as the angle between the line perpendicular to the aircraft 
centerline and a line parallel to the leading edge or a line parallel to the maximum thickness 
point along the span of the wing. Swept back wings have been used on a variety of aircraft for 
many years and can have many advantages such as increasing the critical Mach number and 
relocating the center of pressure. However there are also disadvantages to using swept wings in 
that there is a lower effective dynamic pressure and an increase in wing weight (5). (5)Also, 
there can be an increase in drag due to lift, a greater tendency towards tip stalling, and a 
reduction in the effectiveness of high-lift devices (6).  
From a control standpoint, wing sweep enhances the stability of an aircraft by creating a 
natural dihedral (7). This dihedral invokes increased lateral stability and is also noticeable during 
sideslip when a rolling moment is applied. This may or may not be desirable and can be 
corrected with a negative dihedral. Approximately 1° of effective dihedral is produced for about 
every 10° of sweep (7).  
Some additional benefits of wing sweep are the increase in pitch stability as a result of 
moving the center of gravity forward to compensate for the wing sweep. The tail section usually 
will become more effective as well due to its relocation behind the tip of the wings. A 
disadvantage is that wing sweep and the additional consideration of aspect ratio greatly influence 
an effect known as “pitch-up.” This is an uncontrollable rise in angle of attack when approaching 
stall. As seen in Figure 4, as the sweep of the wing increases and as the aspect ratio increases, the 
probability of pitch-up increases.  
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Figure 4: Pitch-up Boundaries (7) 
 
2.1.3 Twist 
There are two main types of twist: aerodynamic and geometric. Aerodynamic twist is 
when the angle between the zero-lift angle at the root, is different than the zero-lift angle at the 
tip (7). This occurs when there are different airfoil shapes present at each end of the wing such as 
a highly cambered airfoil at the root and an uncambered airfoil at the tip. Geometric twist occurs 
when the chord lines of the spanwise airfoil sections do not all lie in the same plane. This creates 
a varying geometric angle of incidence for the wing. “Wash out” is when the incidence angle 
decreases as the tip approaches (which is common on many aircraft) to control boundary layer 
separation and local stall onset. “Wash in” is when the incidence angle increases as the tip 
approaches. (6)  
The benefits of wing twist include a means to achieve an optimized lift distribution, 
which is only occurs at one lift coefficient for one wing geometry, and the prevention of stall at 
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the wing tips. Regardless of the method, both achieve the same purpose of changing the 
spanwise lift distribution often to appear more elliptical. 
2.1.4 Wing Tips Add-Ons 
The need to increase the efficiency of aircraft flight resulted in research on the effects of 
varying wing tip designs. The most popular wing tip designs include the addition of an endplate 
or winglet. Wing additions were first developed in the late 1800’s by an English engineer, 
Frederick W. Lanchester, who determined theoretically and experimentally that vertical surfaces 
located at the wingtips could significantly reduce induced drag. He later patented the use of 
endplates for this purpose in 1897. (8)  
During the early stages of aircraft development the tip of the wing was usually rounded 
which allowed the air to easily flow around it and shed. However around the 1970’s the use of 
wingtip additions, which were more blunt, began to gain popularity in order to reduce the 
induced drag (8). This prevents the airflow from easily shedding thus allowing for greater 
spacing between the vortices and hence a reduction in overall strength (6). Figure 5 shows 
examples of a variety of wing tip styles.  
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Figure 5: Wing Tip Styles (7) 
The most widely used wing tip, the Hoerner, was created by S. Hoerner around 1965 and 
its popularity is a result of its ability to maximize the effective span of the wing compared to 
other available wing tips. The drooped and upswept wing tips are very similar to the Hoerner but 
the effective span and drag reductions are less. Drag can further be reduced on select wing tip 
styles by sweeping the tip aft thus increasing the trailing edge span. (7) 
Endplates and winglets are another form of wing tip additions that change the way in 
which air flows around the tips. Endplates, as mentioned before, have been around in concept 
since the late 1800’s but have seen little practical application even though they offer an increase 
in the effective span. Their disuse is mainly a result of the endplates themselves creating 
additional drag in the flow field (7). Winglets are a newer construct, which were developed by 
Richard Whitcomb in the 1970’s. Whitcomb determined that a vertical, cambered and angled 
surface above or below the tip, if properly designed, could reduce the strength of the trailing 
vortex and hence reduce the induced drag (8). This new style of wing tip design became very 
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popular in the aviation industry since it could not only increase the effective span but also reduce 
drag. It is now used predominately by many large airliners, as well as on most business jets.  
2.1.5 Dihedral 
Dihedral is the upwards (positive) angle of the wing reference plane from the horizontal 
plane, whose origin is located at the root chord, at which the wings sit when examined from the 
front. Anhedral is the opposite in which it is the downwards (negative) angle.  
Commonly, dihedral is used for stability purposes and helps adjust for rolling and sideslip 
maneuvers. When an aircraft banks, a wing with dihedral will roll the aircraft level again as a 
result of the lowered wing gaining lift when banked. The amount of rolling moment is 
proportional to the dihedral angle (7). Excessive dihedral will cause a dutch-roll maneuver to 
occur in which the aircraft will roll and yaw simultaneously. This can be counteracted by the use 
of a larger tail or anhedral, which is the downwards (negative) angle of the wing reference plane 
from the horizontal plane.  
2.1.6 Wing Curvature 
Wing curvature research has been broken down into two categories defined by the 
direction of influence. The first type of curvature is applied in the spanwise direction and arcs the 
wing toward the ground. The second type of curvature is applied in the planform direction which 
causes the leading and trailing edge of the wing to curve into a crescent shape. 
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Figure 6: Spanwise curvature (9) (left) and planform curvature (10) (right) 
 
Spanwise wing curvature research has a variety of applications. Paragliders for instance 
are interested in determining the effects of curved surfaces in a flow field and quite often have to 
adapt airplane aerodynamics to gliding parachutes.  
Spanwise and planform wing curvature have also become more popular in recent years as 
a result of the interest in the physiology of birds and fish. Since many migratory birds have 
curved wings as a result of years in the evolutionary process, a re-examination of the efficiency 
of such a structure has emerged in a field called biomimetics. Biomimicry and more specifically 
biophysical aerodynamics is the study of the environment and in this case flying mammals as a 
method for solving human problems. In order to take into account the complexity of such a wing 
structure, researchers have been moving away from the classical approach of Prandtl’s lifting 
line theory and closer to panel methods. Research in planform wing curvature has shown that 
there exists an increase in the efficiency, which is the ratio of lift and induced drag, as compared 
to straight wings (11).  
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2.1.7 Pitch Stability 
Since the beginning of aircraft development, it has been apparent that longitudinal 
stability is vitally important to the success of controlled flight; this was one of the key 
achievements of the Wright brothers which enabled their success. Various techniques have been 
used in order to correct the natural instabilities as the angle of attack varies. Much of the 
previous research was focused in the area of supersonic flight, specifically for use with missiles. 
There are two main methods for stabilizing the pitch on missiles. The first is with the use of nose 
mounted canards and nose flaps which can be very stable at higher Mach numbers (12). The 
second method utilizes the location of the fins that extend from body slots to affect the 
longitudinal stability. The second method is effective only at angles of attack higher than 15 
degrees (13). 
Aside from missiles, avoiding pitch-up is a major design concern when developing 
anything from a fighter to a general aviation aircraft. Computer systems are used today on some 
current fighter aircraft which are naturally unstable in order to reduce the potential for dangerous 
maneuvers. For instance, the F-16 has an angle of attack limiter to prevent it from pitching up 
beyond 25 degrees (7). In most cases, the maneuverability of a fighter is key, so stability is 
achieved by adjusting the sweep angle or aspect ratio to restrict the potential for pitch-up as 
shown by Figure 4 in Section 2.1.2. 
2.2 Aerodynamic Ground Effect Research 
This section will present an overview of previous research that has been performed on the 
subject of ground effect. This will include aerodynamic features such as sweep, wing tips, etc, 
that were researched for their advantages in the ground effect regime, and begin with an 
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overview of historical ground effect vehicles and their development problems. The goal is to 
determine areas where information is lacking and show the need for the further research. 
2.2.1 Introduction 
Ground effect is defined as an increase in the lift-to-drag ratio developed by a lifting 
surface such as a wing when moving in close proximity to the ground (14). While ground effect 
research did not begin until the 1930’s, its effects were thought to have been utilized in the 
Wright brothers’ experiments in order for them to achieve flight (15). Purposeful application to 
modern technology however did not occur until much later. 
Ground effect is categorized by the direction of influence, either span dominated or chord 
dominated. Span dominated ground effect is utilized with wings that have a large aspect ratio in 
which the chord and ground clearance of the wing are significantly less than the span. As a result 
of span dominated ground effect, induced drag is reduced. Chord dominated ground effect occurs 
with smaller aspect ratios and results in a stagnation of airflow underneath the wing. This leads 
to an increase in the pressure under a moving body while in close proximity to the ground (16). 
As a result of the increase in pressure underneath the moving body, moments of sudden pitch-up 
can occur in addition to the increased lift. This problem is inherent in all ground effect vehicles 
and needs to be corrected before safe flight characteristics can be achieved. 
2.2.2 Historical Overview 
While ground effect had a major influence on the success of early airplanes, it did so 
without any realization of its participation. It wasn’t until the 1930’s that the phenomenon of 
ground effect began to be recognized for what it was. During long trans-Atlantic service flights 
of the Dornier DO-X, pilots would fly close to the surface of the water allowing them to extend 
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the range of their aircraft (14). Coincidentally, this reduction in fuel consumption also resulted in 
an increase in their payload potential. 
During the 1930’s, investigation began into ground effect machines, however the 
experimental testing capabilities of the time limited the research possibilities. Experimental 
testing was restricted to ground boards that were fixed near the model of an airfoil inside a wind 
tunnel (17). Even with an understanding of the general phenomenon, there were few practical 
applications for ground effect technology during that time. The most notable of these designs 
was a high speed snow sleigh developed in Sweden by Toivo Kaario as shown in Figure 7 (15).  
 
Figure 7: High Speed Snow Sleigh (18) 
 
Progressive research was deterred until the 1950’s and 60’s when a revival of ground 
effect occurred largely in part due to Rostislav Alexeiev, a Russian engineer. His interest in this 
area led to the development of ekranoplans at the Central Design Bureau of Hydrofoils which is 
still in operation today. Ekranoplans are defined as vehicles that are heavier than air and contain 
at least one engine, that are capable of flying close to an underlying surface for utilization of 
ground effect (14). The design of ekranoplans ranged from two seater personal aircraft to large 
double deck military transports. Many of these concept designs can be seen in Figure 8, some of 
which were developed into working prototypes. 
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Figure 8: Collection of Russian Ekranoplan Designs (14) 
 
Many of the designs have reoccurring features including power augmented ram units and 
tails that are elevated in an attempt to remove them from the ground effect regime. As a result of 
shifting the tail placement and allowing for special profiling of the wing sections, the pitch 
instability which is inherent in ground effect vehicles was addressed and resolved (14).  
As a result of the Soviet Union being a leader in the ekranoplan field and the onset of the 
Cold War, the United States began its own research and development of ground effect aircraft. 
They developed planes such as the “Lowboy” designed by Boeing, shown in Figure 9, and the 
“Large Weilandcraft” designed by Weiland, shown in Figure 10 (19).  
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Figure 9: Lowboy developed by Boeing (19) 
 
 
Figure 10: Large Weilandcraft developed by Weiland (19) 
 
Shortly after the end of the Cold War, development in this field waned. This was largely 
a result of the collapse of the Soviet Union and decline and death of Alexeiev in the 1980’s. It 
was not until recently that ground effect research has seen a resurgence of interest with the 
design of the Boeing “Pelican” by Phantom Works shown in Figure 11 (20).  
 
 
Figure 11: Boeing Pelican by Phantom Works (20) 
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This aircraft is designed to have a wing span that is approximately 500 feet which is 
about twice the size of the C-5A Galaxy, the US military’s largest aircraft. The Pelican is 
designed to operate as a long range, transoceanic transport, flying within 20 ft of the water’s 
surface and capable of carrying 1400 tons of cargo, approximately 10 times more than the 
Galaxy (20).  
2.2.3 Sweep 
In the 1970’s NASA began research on a span-distributed-load airplane that would allow 
for a payload to be dispersed evenly in the wings as a way of enhancing the efficiency of the 
airplane. The plane featured a long wing span and a high sweep angle. However as a result of the 
design, traditional landing methods of flaring and de-crabbing were not feasible and an alternate 
method of using ground effect to slow the descent was developed (21). De-crabbing is a 
maneuvering technique during touchdown in which the aircraft partially flies into a crosswind in 
order to compensate for drift and then just before landing corrects the maneuver with the rudder. 
This maneuver is designed to ensure a correct alignment with the runway and to maintain level 
wings during touchdown (22).  
As a result, researchers examined the effects of aspect ratio and leading edge sweep angle 
on aircraft performance at varying ground effect heights. Before this time, little had been done in 
this area. It was found that as the aspect ratio decreased, the lift coefficients would also decrease. 
Also, the base drag increased as the aspect ratio decreased inside of the ground effect regime but 
decreased as the sweep angle increased. This, however, was expected because the influence of 
the aspect ratio diminishes as sweep angle increases. It should also be noted that as sweep angle 
increases, the pitching moment at a given flap deflection is reduced making it less effective. The 
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effects of sweep and aspect ratio can be seen in Figure 12 with respect to the amount of lift slope 
increase, for in-ground effect to out-of-ground effect flight (21).                                                                                                                                                                                                                                                                                                                
 
Figure 12: Theoretical Effect of Aspect Ratio and Sweep Angle on Lift-Curve Slope (21) 
 
2.2.4 Wing Tips 
The advantages of endplates and winglets outside of the ground effect regime have been 
identified and characterized since the 1890’s. With the development of Russian ekranoplans in 
the 1960’s came new avenues of research for a historic field. In an effort to make ekranoplans 
more efficient and to solve some of their aerodynamic problems, Russian researchers utilized 
one-sided, downward pointing endplates. In particular, the endplates decreased losses that occur 
due to the flow from the high pressure underside to the lower pressure upperside of the wing (2). 
The one-sided endplates were pointed in the downward direction as seen in Figure 13, which also 
resulted in the creation of a dynamic air cushion under the wing. It should be noted that the lower 
the aspect ratio, the more efficient the endplates become while in ground effect (18). 
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Figure 13: Aerodynamic Configuration of Prototype CM-2 (2) 
 
Later, researchers experimentally tested a variety of winglet configurations both in the 
upwards and downwards direction. These experiments characterized the effectiveness of each 
style in terms of lift and drag characteristics as compared to a straight wing design. While every 
winglet design showed an advantage over a straight wing, the greatest advantage came from an 
upwards directed winglet that was 1/5th the size of the span. This was a result of the tip vortices 
being furthest from the wing and thus decreasing any downwash effect. It was also determined 
that the range of effectiveness of the winglets lies below approximately 8 degrees angle of attack. 
Outside of this range, winglets were shown to be more effective in freestream than in the ground 
effect regime (23).  
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2.2.5 Pitch Stability Research 
While pitch stability has been studied in relation to the proximity of the ground, solutions 
to resolve any aerodynamic instabilities introduced have not been evaluated while taking the 
aircraft out of ground effect. A design by De Divitiis, shown in Figure 14, incorporated a high 
positioned tail on a ground effect aircraft. This high tail, located outside of the ground effect 
regime, as predicted to effectively restore a balanced aerodynamic moment (24).  
 
Figure 14: Concept design by De Divitiis (24) 
2.2.6 Numerical Wing-in-Ground Effect Research 
In the 1920’s and 1930’s, simplified numerical models were developed and used to 
predict the aerodynamic forces necessary for flight. In order to manage these complex 
calculations, many classical problems were assumed to have inviscid, incompressible, and 
irrotational flow.  
Dr. C. Wieselsberger was one of the first researchers in the area of ground effect. In 1922 
he placed an image of a lifting surface below the ground plane which effectively simulated the 
effect of the ground. This was done through satisfying the no-penetration boundary condition of 
the ground plane. Eleven years later Tomotika obtained an exact solution for flow past a flat 
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plate while in close proximity to the ground by using conformal mapping methods. During the 
1940’s a variety of non-planar shapes were examined for their interaction with the ground effect 
regime, including circular-arc and Joukowski airfoils.  
Then, there was a lapse of interest in ground effect research until the 1950’s, and it 
wasn’t until the 1980’s when the concept of extreme ground effect began to appear (25). The 
region that is primarily expressed as being extreme is located within approximately 10% of the 
chord length from the ground. This region primarily sees further enhancement of aerodynamic 
characteristics over the rest of the ground effect regime (14). Primarily, the benefits of ground 
effect increase exponentially as the proximity to the ground increases (16). 
In the past twenty years, many improvements have been made with regards to modeling 
techniques; consequently this has allowed for a broader range of complex geometries to be 
studied. These include zero thickness surfaces (akin to those studied in the automotive industry) 
and three-dimensional airfoils that provide a more realistic representation of the flow in ground 
effect (25).  
2.2.7 Computational Wing-in-Ground Effect Research 
Computational modeling has only begun to be applied to ground effect research in the 
past fifteen years. Research began in the early 1990’s when Steinback and Jacob produced high 
Reynolds number data for airfoils in ground effect (26). The main objective of this research was 
to determine viscous effects as the ground plane was approached. 
In 1996, Hsiun and Chen began research into the effect of Reynolds number on the 
aerodynamic characteristics of a NACA 4412 airfoil during ground effect (27). Their models 
were simulated in a turbulent regime with a SIMPLE, k-epsilon RANS solver. From these 
simulations, it was found that both the lift coefficient and the lift-to-drag ratios increase with 
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Reynolds number. In addition, it was found that the pressure distribution on the leading edge was 
more strongly influenced at lower Reynolds numbers. It was also noted that with a decrease in 
the ground clearance, lift coefficient increases (27). This is consistent with the results found by 
Chawla, Edwards, and Franke’s on a similar airfoil in wind tunnel testing (28).  
In the late 1990’s, questions arose about the validity of computational and experimental 
testing that uses fixed ground plane methods, implying that for accurate results, the ground plane 
must be in motion. In 2003, Chun and Chang clarified the 2D ground effect characteristics for 
both the moving and fixed ground boundary layers in turbulent flow using the NACA 4412 
airfoil. The results indicated that the change in lift and pitching moment between the two 
techniques was minimal but drag was smaller for the fixed plane than for the moving plane (29).                                                                                                                                                                   
2.2.8 Experimental Wing-in-Ground Effect Research 
As stated earlier, in the 1930’s, research into the area of ground effect began; however, 
researchers were finding they had limited abilities to perform ground effect testing as a result of 
the lack of efficient and accurate experimental methods. Therefore, the primary method used for 
testing ground effect was through a ground board that was fixed underneath the model. This was 
done with the intent to simulate the experience of being in close proximity to the ground. It was 
found early on through experimental testing that the ground effect phenomenon occurs only in a 
region that is less than a chord length of the wing from the ground. The most advantageous range 
of ground clearances however, tends to exist below 25% of the chord (14).  
During the tension of the Cold War, research into advanced ground effect applications 
came to the forefront of development. One such advancement included the ram-lift device which 
was utilized with the PAR-wing vehicle, as shown in Figure 15. The ram-lift technology is 
comparable to a power plant which was located on the nose of the aircraft and designed to 
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provide additional lift under the wings. This device would assist with generating airflow at start-
up in order to provide artificial ground effect until the aircraft got under way. This made it 
possible for the PAR-wing vehicle to take-off while having little to no forward thrust (30). A 
PAR-wing vehicle is the same concept as a wing-in-ground effect vehicle but has the addition of 
a ram-lift device. Ailor and Eberle examined the lift and pressure distribution that would 
accompany ram-lift using a multitude of geometries. Through a series of 2-D and 3-D testing, 
they determined that some geometries were capable of generating additional lift during ground 
effect (31).  
 
Figure 15: PAR-Wing Vehicle (30) 
 
It was not until the 1990s when research was renewed on par-wing technology, this time 
for use in a launcher. The technology was adapted to assist space flight vehicles in an attempt to 
create a conventional horizontal take-off to orbit vehicle. This research involved more complex 
models than those used in the earlier studies. The NACA 4415 airfoil was tested at various 
parameters such as angle of attack, flap angle, height from ground, and end plates. Fixed board 
testing techniques were utilized during the research and from the data it was found that both the 
lift and drag coefficients increased with proximity to the ground plane (28).                       
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In 1996 ground effect research once again became important, but not to the aircraft 
industry, this time the race car industry was interested in the performance of a NACA 4412 
airfoil, shown in Figure 16. They used ground board testing to examine the occurrence of force 
reduction with decreasing ground clearance (32). Through this research effort, it was determined 
that the force reversal phenomena is a result of boundary layers merging together as the ground 
plane approaches which occurs at higher height locations for cambered airfoils than for 
symmetric airfoils (32).  
 
Figure 16: NACA 4412 Airfoil (33) 
 
In 2007 the NACA 4412 airfoil was examined by Ahmed, Takasaki, and Kohama 
through the use of moving ground testing techniques (34). Specifically, angles of attack and 
ground clearances were examined to determine the impact on aerodynamic characteristics. When 
in extreme ground effect, it was found that there is a significant drop in lift force. This is not the 
case however while in the normal ground effect region, above an h/c value of 0.1. Lift forces 
actually increase as the ground approaches. It was also found that drag forces have a tendency to 
be increased for all angles of attack, closer to the ground (34). 
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2.2.9 Ekranoplan Design Problems 
In the 1960’s Russian researchers under the direction of R.E. Alekseev began 
development of a new style of high-speed aircraft called ekranoplans. These were some of the 
first working technologies to utilize ground effect concepts. During development many obstacles 
were overcome as a result of inherent problems that occur while operating in ground effect.  
Many of the original concept ekranoplans were modeled and experimentally tested in 
order to determine the advantages and disadvantages to each design. One of the first prototypes 
to prove the capability of stable flight while in ground effect was the CM-1 ekranoplan as shown 
in Figure 17.  
 
Figure 17: CM-1 Ekranoplan 
 
As a result of the testing of this ekranoplan, configuration changes were found to be 
necessary. Alekseev developed the idea of high tails to control stability once removed from the 
ground effect regime. In addition it was also determined that under-wing jets could reduce the 
required landing and take-off speeds. These concepts were integrated into the CM-2 ekranoplan 
which also included the use of one-sided end plates. The end plates were unique in that they were 
capable of reducing losses that occurred from the high pressure to the low pressure side of the 
airfoil. In addition they assisted in creating an efficient air cushion under the wing. This styling 
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became the model for future generations of ekranoplan development which lasted until the 
1970’s when attempts were made to improve the economic and seaworthy effectiveness of the 
devices (2).  
Unfortunately, Alekseev was unable to complete this phase of the design, therefore 
development was passed into the hands of Sinitsyn. Under his guidance, composite wing forms 
were examined as a method for combining the functions of varying wing styles as shown in 
Figure 18. This method of wing construction allowed for greater wing efficiency while 
decreasing the tail area.  
 
Figure 18: Composite Wing Ekranoplan (2) 
 
2.2.10 Ground Effect Testing Methods 
There are four types of possible modeling techniques for evaluating ground effect: 
mirror-image, slip condition, stationary ground, and moving ground. Three of these techniques 
are used with experimental testing whereas the slip-condition method is for use when 
computationally testing ground effect. Slip condition is a setting applied to the ground wall when 
constructing a computational model and surrounding environment that mimics the interaction 
with a moving ground. Of the three experimental techniques, the most accurate is the moving 
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ground in which a ground plane, usually simulated with a rotating belt, moves at the same speed 
as the air flow generated in the wind tunnel. This technique is representative of a body moving 
over the ground with no additional wind other than that caused by the motion of the body 
through the environment (35).  
When ground effect testing began, the primary method for testing was through the use of 
a ground board that was fixed underneath the model, i.e. a stationary ground plane. This was 
done with the intent to simulate a proximity to the ground. The problem with this method is that 
the board is stationary with respect to the airfoil during the experiment, whereas in the real 
world, the ground moves with respect to the wing. While this method is still used today, it is not 
as accurate as more recently developed methods which include using a mirror-image or a moving 
ground plane. The mirror-image technique replicates ground effect through placing duplicate 
models in a mirror-image position equal distance apart. The plane of symmetry between the 
models then represents the ground effect plane, since the normal flow components cancel at this 
location. For this method, the forces are typically only read for one of the models and not its 
mirror image. This method was found to be of more value to early researchers than the stationary 
ground plane (17).  
The moving ground plane was first developed for the automotive industry and replicates 
ground effect by mimicking the natural environment in which ground effect occurs. This system 
can be complex and expensive but allows for a simple solution to accurately test in ground 
effect. The entire system is similar to a wind tunnel but with a moving belt for the ground plane 
with the simultaneous utility of a suction system upstream of the belt to avoid problems with the 
wind tunnel’s inner boundary layer (36).  
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2.3 Non-Aircraft Ground Effect Research 
This section discusses research that has been performed in the field of ground effect but 
does not necessarily directly apply to flight applications. 
2.3.1 Hydrofoils 
Hydrofoils are essentially aerodynamic shapes that are mounted on watercraft and are 
shallowly submerged. These foils provide additional lift and result in lifting sections of the hull 
up out of the water. They have been applied to a variety of watercraft in order to provide stability 
and/or to reduce drag, an example of which is shown in Figure 19. This concept of a ram wing 
watercraft was developed in the 1930’s and the hydrofoil used for longitudinal stability during 
cruise can be seen in the center of the trailing edge (18). 
 
Figure 19: Ram Wing Watercraft (18) 
 
More modern examples of hydrofoil usage can be seen on the Canadian warship, Bras 
d'Or, shown in Figure 20. This ship was designed and developed in Canada during the 1960’s 
and used hydrofoils to make it one of the fastest warships of its time. The hydrofoils were placed 
at both the bow and aft of the hull in order to lift it from the water during cruise. 
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Figure 20: Canadian Warship Bras d’Or (37) 
2.3.2 Venturi Effect 
The Venturi is a tunnel or nozzle-like geometry that causes fluid speed to increase as a 
result of the fluid being forced through a narrow or constricted area. The increased speed causes 
a reduction of pressure (38). An example of a Venturi can be seen in Figure 21 on a ground 
effect car. 
 
Figure 21: Venturi on Ground Effect Car (38) 
 
In the case of the ground effect car, the front and rear wings create a down force which 
pushes the car to the track. The underbody Venturi tunnel creates a low pressure area between 
the chassis and the ground which also draws the car toward the track (38).  
31 
 
2.4 Biomimicry 
This section discusses the field of biomimicry, from its origins to its utilization in 
aerodynamics research today. Biomimicry is the imitation of nature: its models, systems, and/or 
elements, to solve human problems.  
2.4.1 Historical Overview 
The idea of flight has always fascinated mankind and even early inventors such a 
Leonardo DaVinci tried to mimic the flying abilities of birds and bats. He designed the 
ornithopter shown in Figure 22 around 1490 which was designed to create flight through 
flapping of its wings (39).  
 
Figure 22: Leonardo DaVinci’s Ornithopter (39) 
 
While the mimicry of animals has been examined many times before with little to show 
in working applications, new research into the field could prove to be more beneficial. Currently 
researchers from a variety of institutions are examining the flying styles of insects and birds. 
Applications vary from micro-UAV’s that resemble flying insects developed for military 
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purposes (as shown in Figure 23) to crawling insects designed by the Jet Propulsion Laboratory, 
JPL, for use on extra-terrestrial worlds. 
 
Figure 23: Robotic fly designed by Harvard University team (40) 
 
2.4.2 Morphing Wing Research 
In recent years, morphing wing technology has also become an increasingly popular 
research topic. The benefit of morphing wing technology is its ability to adapt the aerodynamic 
characteristics of the wing to suit necessary flight requirements. A morphing aircraft is one that 
is capable of controlling substantial shape changes while flying, with the intent of increasing its 
performance in such areas as efficiency and versatility (41). While preliminary solutions were 
developed by Birnbaum in 1924 for incompressible flow past a flapping airfoil, the application to 
modern technology has only recently begun to be possible with the development of smart 
materials. The military has been in the forefront with their Mission Adaptive Program, pushing 
development of aircraft that excel in a multitude of capabilities through morphing wing 
parameters. 
In 2007, Wickenheiser and Garcia combined the extended lifting line theory with real 
airfoil data in order to determine the effects of various wing geometries on the lift-to-drag ratio 
as well as the center-of-pressure location in freestream (41). Their wing geometries included 
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planform curvature or forward and aft swept wing sections. This research showed that morphing 
wings into crescent shapes was beneficial in acquiring a lift reduction at higher flight speeds. 
This would be useful in high-speed dives to avoid enemy engagement. In addition the center-of-
pressure was capable of being manipulated forward and aft of its standard operating position 
with the assistance of wing twisting. It is important to note that this type of wing curvature shows 
a reduction in the lift and hence the efficiency.(41)  
2.4.3 Physiology of Birds in Flight 
With a resurgence of interest in biomimicry comes the necessity to overview the flying 
population and determine what makes them really fly. A variety of studies were conducted in the 
1980’s which were recently reviewed and republished. One study presented in 2006 examined 
avian wing geometry with a laser scanner and presented findings about aspects such as camber 
line, thickness distribution, planform shape, and twist distribution. One bird in particular of 
interest in the study was the Seagull.  
The Seagull is primarily a coastal bird that commonly flies over incoming waves using 
their updrafts to soar in the air. As a result, they have developed wing features suited to this 
flight style. Figure 24 (42) shows the planform shape of the Seagull wing which reveals a leading 
edge sweep that begins at approximately a third of the wing span with a less dramatic sweep 
along the trailing edge. 
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Figure 24: Planform Shape of a Seagull Wing (42) 
The twist of the Seagull wing was examined along the spanwise direction, shown in 
Figure 25, and reveals that the angle of twist ranges from zero degrees to approximately 8 
degrees. The maximum twist in this range occurs at approximately two-thirds the distance from 
the root chord.  
 
Figure 25: Spanwise Distribution of the Twist of a Seagull Wing (42) 
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Aside from the twist, the Seagull wing itself will have a tendency to curve during the 
normal flapping motion of flight. Figure 26 shows the motion of the Seagull wing along the 
spanwise direction, with respect to its vertical position, in free space during flight. During this 
motion the Seagull wing will curve along various points of the span. One such position creates a 
curvature where the maximum vertical coordinate occurs in the center of the semi-span with the 
root and tip remaining on the same horizontal plane. This position creates a curve whose apex 
occurs at a location that is approximately 20% of its span.  
 
Figure 26: Front Profile of a Flapping Seagull Wing (42) 
 
2.5 Previous AirRay Research  
For the initial conceptual research on AirRay, the Wortmann FX 63-137 airfoil, seen in 
Figure 27, was chosen because of the availability of low speed wind tunnel data, the previous 
usage of this airfoil with low speed applications, and the reasonably high lift coefficients at 
varying angles of attack.  
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Figure 27: Wortmann FX 63-137(43) 
 
The analytical aerodynamic data of the Wortmann airfoil can be found in Figure 28, lift 
versus angle of attack, and Figure 29, drag versus lift. This particular airfoil is commonly used 
on sailplanes which have similar flight objectives as ground effect vehicles.  
 
Figure 28: Wortmann FX 63-137 Lift versus Angle of Attack (44) 
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Figure 29: Wortmann FX 63-137 Drag versus Lift (44) 
 
Computational analysis has been performed on the Wortmann FX 63-137 to determine 
the extent of lift enhancement during ground effect as well as the change in the center-of-
pressure locations at varying angles of attack (45). The lift was found to increase 30% over that 
experienced by a moving body not located in the ground effect regime. The center-of-pressure 
was found to have traveled a maximum of 16% of the chord length (45). These results were 
found through analyzing a series of CFD simulations which were validated by comparison to a 
known flat plate airfoil in ground effect (45). These results were found for a range of angle-of-
attack from -3 to 15 degrees and for various height-to-chord ratios.  
Similar to previous theoretical research, the lift on the airfoil was found to increase as 
proximity to the ground increased (45). In addition, the drag forces were reduced as the airfoil 
approached the ground. The center-of-pressure was found to maintain a nominal travel distance 
as long as the angle-of-attack remained constant (45). However, with a changing angle-of-attack, 
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the travel of the center-of-pressure can become significant. This research was performed at a 
Reynolds number of 1.25 x 106. 
This result led to research on a method that would restrict the movement of the center-of-
pressure (46) (47). By creating airfoils that had an angled slot cut into the main body as shown in 
Figure 30, the path of the air around the airfoil could be changed as the angle of attack increased.  
 
 
Figure 30: Diagram of Slot Characteristics (47) 
Usually in ground effect, there is an unstable moment whereupon the airfoil will pitch-up; 
through the use of a ducted airfoil the airflow that would cause this effect is reduced as the angle 
of attack increases. This action limits the movement of the center-of-pressure by reducing the lift 
capabilities of the airfoil at higher angles of attack. A slot that is located a distance, x, at 20% of 
the chord length from the leading edge, with a width, w, that is 2% of the chord length and at an 
angle, d, that is 40 degrees from the vertical was found to have the greatest impact on reducing 
the movement of the center of pressure across a range of angles of attack from -3 to 15 degrees 
(46). The Reynolds number for this research was 1.23 x 106. 
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Chapter  3.0 Preliminary Research  
This section discusses the basic design of the proposed glider and provides a starting 
place in order to determine the capabilities and aerodynamic additions necessary in order to meet 
the overall project design objectives. 
3.1 Preliminary Weight Estimate 
A weight estimate is necessary when designing the aerodynamic characteristics of any 
aircraft. It affects not only the capability for flight but the ability to maintain stability. For this 
reason an analysis of weights was performed, where any unknown weights were estimated.  
For this study, AirRay is considered to be a small, low speed, single passenger ground 
effect glider. Therefore for preliminary design purposes an average rider was assumed to weigh 
approximately 185 lbs; this assumption is based on a National Statistics Report written by the 
Center for Disease Control, CDC (48). The internal components of AirRay: controls, harness and 
seat, were estimated to weigh a total of 40 lbs as shown in Table 1. The weights of the items in 
the table were based on the amount of material and components necessary to make the basic 
framework for those parts. From the known weights and the glider geometry, the amount of 
material necessary to build the structure and its subsequent weight could be estimated. It should 
be noted that since the glider weight is dependent upon the required wing geometry and that 
geometry takes into account overall weight with respect to lift, the process of calculating the 
glider weight is iterative. 
First the total weight of the rider and all internal/safety components were determined. 
Table 1 is comprised of all the internal and safety components in addition to the corresponding 
weights. These values were estimated based on commercially available parts and the projected 
amounts of required material. 
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Table 1: Weights of Components 
 
Since it is desired to construct the glider out of a lightweight plastic or composite 
material, an average density was derived from a variety of polyethylene plastics. These plastics 
are among some of the most common plastics used in manufacturing recreational vehicles today. 
The average density of plastic was found to be 0.035 lb/in3 (49). 
In order to calculate the weight, an appropriate skin thickness was determined. Most high 
speed airplanes have an average skin thickness of 1/16 inch which is approximately 1.5mm. This 
is a result of lightening strike requirements and the necessary thickness to sink rivets into the 
aluminum. Low speed aircraft have a tendency to have skin thickness as low as 0.016 inch which 
is about 0.4 mm since these aircraft will experience lighter loads (50). Commercial aircraft are 
commonly built with aluminum or composite materials, but AirRay is designed for plastic 
material. Since a lightweight frame is desirable but strength needs to maintained, a skin thickness 
of 1 mm was estimated for usage. This thickness will later be structurally analyzed to determine 
whether or not it can withstand the stresses applied to it during normal operation. If necessary the 
skin thickness will be redesigned at that time to account for any additional requirements.  
Once all of these components have been indentified or calculated then it is possible to 
determine the weight to the glider through multiplying the geometric surface area (both of the 
top and bottom surfaces) by the skin thickness and by the density of plastic. The resultant empty 
weight of the structure is estimated to be approximately 100 lbs of plastic. The geometric 
parameters of the glider are shown in Table 2. 
Main landing gear 20 lbs 
Nose landing gear 10 lbs 
Internal linkages 5 lbs 
Safety roll bars lbs 
Harness lbs 
10 
 5 
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Table 2: Glider Geometry 
 
3.2 Design Parameters 
Certain design parameters had to be determined before further design decisions could 
commence. Since the glider is being designed for application on a downhill slope as a 
recreational device, it was felt that the speed of the glider needs to be comparable to other 
activities commonly found in those environments. From a study conducted in 2005, winter sport 
participants of activities including skiing and snowboarding have an average speed of 26.7 mph 
with a 7.0 mph standard deviation (51). As a result, it was decided that AirRay should fly at 
approximately 30 mph to make it comparable to current speeds of similar modern sporting 
activities. Comparatively, this should mean that the pilot has the capability of controlling the 
glider with the same ease and safety as these other activities. From this parameter the Mach 
number and Reynolds number of the craft could be determined as shown in Table 3. This is 
useful in categorizing the type of flow which in this case is considered incompressible, subsonic, 
turbulent flow. The characteristic length for the Reynolds number calculation is the root chord of 
10.6 ft.  
S (wing area) 161.5 ft2
Seat Width 2.1 ft
Seat Hight 3.7 ft
b (span) 18.0 ft
ct (tip) 6.9 ft
cr (root) 10.6 ft
cbar (std mean chord) 9.0 ft
mac (aero mean chord) 9.1 ft
λ (taper) 0.7 -
AR  (aspect ratio) 2.0 -
ΛLE (sweep angle - LE) 26.0 deg
Lt/c (sweep angle - max thick line) 20.1 deg
e (Oswald's coeff) 0.8 -
k (constant) 0.2 -
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Table 3: Flow field Characteristics 
 
The slope of the hill also ties into the performance of the glider. Most slopes available are 
those designed for ski resorts which have a tendency to range between 8 degrees for a novice 
slope to 18 degrees for an advanced slope (52). Since the intermediate slopes range between 10-
15 degrees, the basic design will account for a minimum 10 degree slope. It should be noted that 
the slope affects the force balance on the glider as shown schematically in Figure 31. 
 
Figure 31: Force Representation 
 
As a result, the lift is a function of the y-component of weight and the drag is influenced 
by the x-component of weight. The slope will also impact the terminal velocity of the glider. The 
terminal velocity will be limited by the seat back of the glider which will act as a drag device. 
3.3 Lift Estimation 
In order to design a properly sized aircraft, it was necessary to know the aerodynamic 
characteristics such as lift, drag and pitching moment, of the 2-D airfoil selected for use. The 2-D 
experimental lift curve for the Wortmann airfoil is shown in Figure 28. 
Vmax 44.12 ft/s 
Vterminal 41.07 ft/s 
Mach # 0.039 - 
Re 2.6E+06 - 
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In order to assess accurate lift characteristics of a wing, the lift-curve needed to be 
recalculated to accommodate for 3-D effects. This was done by adjusting the slope with a 
variation of Prantl’s lifting line equation developed by Helmbold and modified by Kuchemann. 
The slope equation, shown by Equation 1, takes into account both aspect ratio, AR, and sweep 
angle, Λ, and is accurate for aspect ratios less than 4 (4).  
  
         
    
         
   
 
 
 
   
  
         
   
 
Equation 1 
This equation empirically adjusts the linear range of the 2-D lift curve, which has an 
original slope,    [1/rad]. It should also be noted that the sweep angle is taken from a location at 
half the chord length.  
The 3-D lift-curve slope, once determined, was then used to calculate the lift coefficients 
at particular angles of attack through the use of Equation 2 (4). The slope calculated in Equation 
1 is in radians and was converted to degrees for comparison purposes. 
             Equation 2 
Equation 2 is essentially a modified point slope formula in which αL=0 is the angle of 
attack at lift equal to zero and α is the current angle-of-attack. This produces the linear range of 
the lift curve as shown in Figure 32 for an AR of approximately 2, and a value of αL=0 = 0.46. 
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Figure 32: 3-D Lift Slope of Wortmann FX 63-137 
 
When designing a fixed wing aircraft, the angle of attack of the wing may not be the 
same as that of the body. The difference between the wing angle and the longitudinal axis of the 
aircraft is called the angle of incidence (4). This angle defines the amount of lift, through the lift 
coefficient, achievable without modification of the wing. AirRay is designed to have a 5° angle 
of incidence for cruise at 30 mph to increase its capabilities without approaching stall which 
begins to occur around 10°-12° according to the 2-D data found in Figure 28. The 3-D lift 
coefficient taken at α=5° is 0.73 which can be increased by a maximum of 20% to accommodate 
for the potential influence of ground effect resulting in a lift coefficient of 0.88 as shown in 
Table 4. 
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Table 4: Wing Parameters and Lift Characteristics 
 
The overall lift can then be calculated utilizing the modified lift coefficient found in 
Equation 3 (4). 
  
 
 
       
 
Equation 3 
This equation takes into account dynamic pressure, ½ρV2, wing area, A, and the lift 
coefficient, CL, resulting in a lifting force of approximately 285 lbs at the assumed flight velocity 
of 30 mph for a wing span of 17 ft and a chord of 10 ft.  
3.4 Drag Estimation 
Drag estimation was divided into two parts: the drag associated with the wing planform and the 
drag associated with the frontal area of the fuselage section and pilot station. The drag bucket of 
the Wortmann airfoil, shown previously in Figure 29, demonstrates that for a range of 2-D lift 
coefficients between 0.5 and 1.5, the 2-D base drag coefficient, Cdo, does not exceed 0.02.  
There is additional drag placed on the wing as a result of induced drag. Induced drag is 
the drag that is a resultant of the generation of lift. In ground effect there is an approximate 10% 
decrease in the induced drag due to ground effect at a height-to-span ratio of 0.5 as shown in 
Figure 33.  
Thickness 0.137 - 
Max Thick Location 0.297 - 
α (zero lift) -9 deg 
Max Cl 2 - 
Cl (α=5 deg) 1.6 - 
Cl (α=5 deg + GE(20%)) 1.92 - 
CL (α=5 deg) 0.73 - 
CL (α=5 deg + GE(20%)) 0.88 - 
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Figure 33: Induced Drag Reduction (53) 
 
Like the lift coefficient, it is necessary to have 3-D drag coefficients, which can be 
calculated through the use of Equation 4. (5) 
         
    
    
Equation 4 
This equation takes into account the form factor, F, the interference factor, Q, and the 
ratio between surface area, Swet, and wing area, S. The form factor is defined through Equation 5 
and evaluates the shape of the wing as part of the base drag. (5) 
     
   
      
     
 
 
 
 
                 
 
   
 
    
  Equation 5 
The form factor was calculated to be approximately 1.06. The interference factors can be 
found in a lookup table such as the one shown in Table 5, and are based on the style of 
connection the body has with the wing or structural additions like missiles that would cause 
interference. For this design, the well filleted low wing factor was used. 
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Table 5: Interference Form and Factors (5) 
 
This results in a base drag of 0.02, found through the use of a wing area of 161.5 ft2 and a 
surface wing area of 330.8 ft2. Once a 3-D base drag has been calculated, the overall drag 
coefficient for the wings could be determined through Equation 6. 
          
  Equation 6 
This drag equation is broken into two parts, the base drag coefficient and the induced 
drag. The induced drag is a function of the constant k, which takes into account the aspect ratio 
and Oswald’s efficiency, e, as shown in Equation 7. 
  
 
      
 Equation 7 
The constant k, resulted in a value of approximately 0.198, found from an Oswald’s 
efficiency of 0.8 and an AR of 2. The results of the 3-D drag estimation can be found in Table 6 
which shows the 2-D drag coefficient, Cdo, the 3-D base drag, CDo, the overall drag outside of 
ground effect, CD AoA=5 deg and the overall drag inside of ground effect, CD AoA=5deg –GE(10% Ind). 
 
Table 6: Non-Dimensional Drag Characteristics of Wing 
 
 
Cdo 0.02
CDo 0.018
CD (α=5 deg) 0.167
CD (α=5 deg  - GE(10% Ind)) 0.152
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The drag coefficient for the fuselage area was calculated apart from the wing, because the 
backrest of the passenger acts effectively like a flat plate perpendicular to the flow. This was 
done as a way of producing drag that limited the terminal velocity especially in the advent of 
higher angled slopes, higher than the original design. The 3-D drag coefficient for a flat plate is 
2.0 (4). In-ground-effect, a potential 10% reduction in induced drag can be assumed, resulting in 
a CD=1.8. 
3.5 Static Stability 
One of the major criteria for the success of any design is its ability to maintain stable 
controlled flight. In a static state an aircraft needs to be balanced longitudinally in order to 
sustain flight; this is known as static stability. It is a comparison between the relative positions of 
the center-of-pressure, xcp, and the center-of-gravity, xcg, with respect to the overall chord of the 
aircraft, xL, as shown in Equation 8.  
      
        
  
 Equation 8 
The difference between the two positions is known as the static margin, S.M., and must be 
positive to demonstrate longitudinal stability.  
The center-of-gravity is determined by the weight distribution of all the components of 
the glider including the position of the rider. For some aspects of the design, the components 
have been estimated but not finalized, such as the landing gear, harnesses, and control linkages. 
In these cases, an estimated weight has been given as presented in Section 3.1 and the location of 
these components was based on historical placement. The assumptions are listed below(54): 
1. The wing weight is located, Wwing , at 0.1( c ) behind a quarter of the m.a.c. 
2. The fuselage weight, Wfus, is located at 0.45( x) behind the nose. 
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3. The tail weight is located, Wtail, at 0.9 ( x) behind the nose. 
4. The main landing gear weight is located 1.1 ( xcg ) behind the nose. 
From these assumptions of weight distribution, an estimation of the overall center-of-
gravity location can be determined as shown in Equation 9 (54).  
   
 
 
                                                          
                   
 Equation 9 
It should be noted that the payload (Wpay) in Equation 9 is the weight of the rider, the 
location of which was finitely adjustable during the design process as a way to balance the glider 
with different wing geometries. It should be noted that for a sitting person, the natural center of 
gravity is going to be different than that of a standing individual. This means that a sitting 
person’s main body mass will be approximately 1 foot behind their actual center of gravity. This 
is based on the dimensions of an average American male. 
The center-of-pressure is determined as a function of the mean aerodynamic chord, which 
is an average of the chord length over the entire wing. For this particular airfoil, the center-of-
pressure was estimated to be at 30% of the mean aerodynamic chord based on the mean 
aerodynamic center and the leading edge sweep. The locations of the center-of-pressure and the 
center-of-gravity along with the S.M. can be found in Table 7. 
Table 7: Location of Xcp and Xcg 
 
xperson 3.5 ft
xcg 4.33 ft
xcp 5.17 ft
S.M. 0.063 -
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3.6 Geometry 
The process of wing development is iterative. The weight is affected by the overall size 
of the glider which changes based on the weight distribution. The lift capabilities of the wing are 
influenced by the amount of sweep and aspect ratio, which in turn stabilize the glider by 
counterbalancing the force defined by the weight distribution. Through this process a low weight 
glider that minimizes the wing span for maneuverability while maintaining stability can be 
designed. The basic geometries were shown previously in Table 2 and the preliminary, straight 
wing model of the glider is shown in Figure 34. 
 
Figure 34: Concept Drawing of Proposed Straight Wing Design 
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3.7 Control Surfaces 
While the main focus of this research was to design a planform for the main wing that 
successfully enhances the lift characteristics while providing stability, basic control surfaces 
were also designed as part of the overall goals of the project.  
Due to the wing-in-body nature of the design, control surfaces were placed on the trailing 
edge of the wing which would act as a horizontal stabilizer and behind the seat back of the 
glider, acting as a vertical tail. The vertical tail was designed through use of Equation 10 (5). 
       
    
   
 Equation 10 
The area of the vertical tail is determined through a relationship between the areas on the 
main wing, Sw, the span of the main wing, bw, the distance between the quarter chord of the wing 
and the quarter chord of the tail, lVT, and the vertical tail coefficient, CVT. This resulted in a 
vertical tail area of 3.5 ft2, which allowed for a vertical tail 24 in tall by 21 inch deep. 
Flaperons were placed on the trailing edge of the wing and act in part as a pitch stabilizer 
and in part as a control device for turning the glider. Also, in the event of emergency braking, the 
flaperons will deploy and act as a drag device to retard the craft. Typically flaperons, like 
ailerons, are sized between 15% and 25% of the wing chord. For this case, the flaperons will be 
approximated at 15% of the wing chord and will be located between 50% and 90 % of the semi-
span (7). This resulted in a flaperon on each wing that is 1.5 ft deep by 3 ft long.  
The impact of the spanwise wing curvature and twist were not examined with regards to 
the control surfaces as this is outside the scope of the project. 
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3.8 Summary 
While these are the minimal design features that can be created through the use of a 
straight wing, the potential to further reduce the wing span is present. The addition of twist 
and/or wing curvature could enhance the lift to adequately reduce the span to a more manageable 
size. If these methods are insufficient in decreasing the span, then the use of one-sided endplates 
will be examined in combination with curve and twist to test their effectiveness when not applied 
to a straight wing.  
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Chapter  4.0 Computational Research 
This chapter discusses the meshing setup and simulation of the Computational Fluid 
Dynamic (CFD) models in Fluent and subsequent results. 
4.1 Model Parameters 
This section will provide an overview of the styles of wing and body geometries that 
were computationally examined for their effects on the aerodynamic characteristics in the ground 
effect regime. 
4.1.1 Baseline 
To create a point of reference, a baseline model was created for comparison during the analysis. 
The baseline model was analyzed analytically so that the computational data can be accessed for 
accuracy. This model is a straight wing design with a 26 ° leading edge sweep as shown in 
Figure 35. 
 
Figure 35: Baseline Model 
10.6 ft 
18 ft 
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4.1.2 Spanwise Wing Curvature  
For the purpose of this research, spanwise wing curvature was analyzed as shown in 
Figure 36. This geometry has the same wing span and wing tip and root chord as the baseline 
model shown in Figure 35.  
 
Figure 36: Concept Drawing of Proposed Wing Curvature 
 
The apex of the arc will occur in the center of the wing and has radii of curvature ranging 
from zero to 10% of the span at increments of 2%. The spanwise wing curvature is symmetric 
along both the leading and trailing edge creating a uniform curve. In addition, the root and tip 
chords remain on the same horizontal plane and only the center of the wing will change. This 
spanwise wing curvature was chosen to reflect the type of wing structure that occurs as part of 
the flapping cycle of a seagull shown previously in Section 2.4.3. This method will be compared 
to the straight wing computationally in order to obtain a trend for the analysis which will then be 
validated experimentally.  
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4.1.3 Wing Twist  
Wing twist can be applied to wings in a variety of ways. The most common is when it is 
applied linearly across the wing from root-to-tip where the tip is usually pointed up or down. For 
this research the twist was applied across the center of the wing so that the root and tip maintain 
the original angle of incidence, as shown in Figure 37.  
 
Figure 37: Concept Drawing of Proposed Wing Twist 
 
The twist was applied at the trailing edge tip so that the trailing edge will continue to lie 
along the horizontal plane created by the root chord. In this manner a cupped surface was created 
similar to that of the spanwise wing curvature method, but as a result of a flat trailing edge, a 
wing larger frontal area was created for capturing the air flow. The amount of twist was adjusted 
to match the range of curvature in the aforementioned spanwise wing curvature analysis, which 
was approximately 10 degrees of twist. This was so an accurate comparison could be drawn. The 
twist method was also analyzed computationally to determine the trend effects of twist on the 
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wing characteristics as compared to a straight wing and a spanwise curved wing. Select 
parameters of twist were then experimentally validated.  
4.1.4 Vanes 
After the initial computational analysis was performed, there were irregularities in the flow that 
were created from the rider location and the tail section. The flow was shedding from the front of 
the tail causing a wake to occur over the wing and resulting in a loss of lift in that section, and 
minimizing controllability of the surfaces on the vertical tail. Modifications to the surface of the 
wing were made in the form of vanes in an attempt to redirect the flow back to the tail section 
and reconnect the flow.  The vanes were placed next to the tail section as shown in Figure 38. 
Note that this is only a semi-span model divided along the center chord line. This was done in an 
effort to reduce computational space and time by performing symmetric modeling across the 
centerline. 
 
Figure 38: Single Vane Modification 
Vane 
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Twelve variations of vanes were examined, including modifications to the height, the length, the 
distance from the tail section along the span, the placement along the chord, and the number of 
vanes.  The most efficient of which was the double vane as shown in Figure 39. The double 
vanes, shown in the figure, are the same height as the tail section, approximately 3 feet. These 
vanes are location within a 1 ft distance from the tail section. 
 
Figure 39: Double Vane Modification 
 
This design technique, while useful in correcting the flow, was later assessed to be aesthetically 
unappealing to the design and was not implemented. Instead, modifications were made to both 
the canopies and the tail section in an effort to reduce the wake generated by the center section. 
Double Vane 
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4.1.5 Canopies 
The design for the glider was originally created with a void in the center section that 
would allow for the placement of a rider. This however caused flow irregularities and did not 
provide any protection to the rider, so a canopy section was deemed necessary. This design 
feature would assist in correcting the flow irregularities as well as providing protection to the 
rider. The canopy was designed to start at the nose and gradually slope upward to a maximum 
height. Three heights were tested: 5, 6.5 and 8 inches. These heights were picked in an attempt to 
direct the air flow over the top of the tail section in order to generate additional lift.  An example 
of the canopy styling can be seen in Figure 40. 
 
Figure 40: Canopy Design: 5 inch Maximum Height 
 
In order to maximize the amount of air flow directed over the tail section, the canopy top was 
eventually flattened out to prevent shedding over the sides of the canopy. An example of the 
front of the original canopy is shown in Figure 41. This style had a peak in the arc at the center 
of the glider. This was later flattened to be more elliptical as shown in Figure 42.  
Canopy 
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Figure 41: Round Canopy Style 
 
Figure 42: Flattened Canopy Style 
 
  
4.1.6 Tail Modifications 
The addition of the canopy led to improved lift capabilities, but limited separation still 
occurred along the tail section as a result of the sharpness of the seat back and an 18.5° bend aft 
of the seat back. The modifications to the tail were broken up into two sections as shown in 
Figure 43. 
Round Canopy 
 
Flat Canopy 
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Figure 43: Tail Section with Highlighted Areas of Interest 
 
The first section that was examined for modification was the frontal area of the tail 
section otherwise known as the seat back region for the passenger. This area adjoins the tail at a 
90° angle creating a potential location for flow separation. The angle was therefore varied across 
a range of three radii: 5, 7.5 and 10 inches.  
The second section that was examined is aft of the seat where the tail angles back 18.5° to 
connect to the trailing edge. This angle was gradually reduced to 15° and 10° to examine the 
effects of the flow separation. Since the angle reduction causes the tail to become increasingly 
thicker, the tail was eventually split as shown in Figure 44. 
 
Aft Section 
Front Section 
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Figure 44: Tail Section with Split Tail  
 
While not explicitly shown, the tail section would have two movable panels on either side of the 
tail that would be separate from the top of the tail, but covered by it, in order to allow for the 
lifting surface on the top to remain. The tail panels would work together and act as a rudder for 
the glider. 
4.2 Simulation Setup 
The models were initially created in Autodesk Inventor, a 3D CAD program. The models 
were then transferred into Gambit, which was chosen to create the grid meshes necessary for 
computational simulation. Fluent was then used to simulate the computational fluid dynamics for 
the 3D models.  
4.2.1 Grid Set-up 
The models were first imported into Gambit after being created in Inventor. In order to 
reduce the model size during simulation, the models were split in half along the center line. 
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These semi-span models were placed along a symmetric plane which would simulate a full-
model without requiring additional space inside the simulation.  
The semi-span models were placed inside two control volumes of different sizes, which 
allowed for varying grid sizes to be used. The inner control volume, referred to as the model 
volume, has dimensions that are 2 chord lengths in the chordwise direction, ¾ chord in the 
spanwise direction, and ¾ chord in the vertical direction. The outer control volume has 
dimensions 7 chord lengths in the chordwise direction, 3.5 semi-span lengths in the spanwise 
direction and ½ span + 2 chord lengths in the vertical direction.  
The grid meshing was started by creating a line mesh along the trailing edge with a 
constant spacing of 1. A size function was used to grow the line mesh along the surface of the 
model with a growth rate of 1.1 and a maximum cell size of 3. Once the surface mesh was 
created a size function was once again used to grow the surface mesh to the model volume with a 
growth rate of 1.1 and a maximum cell size of 9. The meshed surfaces of the model volume were 
then used as a source to grow the control volume mesh. The growth rate and maximum cell size 
used were 1.2 and 18. The model volume has a smaller cell count than the control volume to 
allow for refinement of the simulation closest to the model surface.  
4.2.2 Simulation Parameters 
Once the mesh was complete, it was imported into Fluent for simulation. The full scale 
design is low speed, operating at 30 mph, but has a Reynolds number of 2.34x106, indicating 
turbulent flow. Turbulent flow occurs at a Reynolds number 1.5x106 and higher for flow over a 
surface (6). As a result, the computational analysis utilized turbulent flow equations and 
parameters. A k-epsilon RNG viscous turbulent model with enhanced wall treatment and 
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pressure gradient effects was chosen for use based on documentation in the Fluent User’s Guide 
(55). Second order pressure and power law momentum solution methods were also utilized for 
convergence. Convergence occurred at a minimum of 1e-3, however most criteria converged 
around 1e-6 due to the length of time it took continuity to converge.  
Within the analysis, a moving body was simulated by generating a translational ground 
plane. When the translational speed is set to be the same velocity as the flow field, it mimics the 
movement of a body through the air.  
4.2.3 Grid Independence 
The straight wing was modeled first and used to establish the parameters for grid independence. 
The numerical uncertainty in a fine-grid solution is a maximum of 2.2% (56). Three grid meshes 
were tested to determine the most suitable mesh for simulation. The first mesh contained 760,972 
cells, the second mesh 953,766 cells, and the third mesh 2,680,907 cells. The results of the grid 
independence study are shown in Table 8. 
Table 8: Grid Independence 
 
 
The percent difference between the lift of the first and second mesh was 2.4% which 
means that the first mesh was not refined enough for grid independence. This was also supported 
by the difference in the drag coefficient being 4.2% which is higher than the allowable 
uncertainty of 2.2%. Hence, the first mesh was unacceptable to use and a more refined mesh had 
to be created. Mesh 3 was thus created to compare against Mesh 2 to assess its refinement. The 
third mesh showed only a 0.65% difference in the lift coefficient from the second mesh and a 
CL % Diff CD % Diff 
Mesh 1 0.3045 - 0.0943 - 
Mesh 2 0.3120 2.40% 0.0905 4.20% 
Mesh 3 0.3100 0.65% 0.0900 0.56% 
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0.56% difference in the drag coefficient. This indicated that the second mesh was grid 
independent since Mesh 3 did not show a significant improvement in results.  
4.3 Computational Results and Analysis 
This section discusses the results that were generated from the computational simulations 
and analyzed the results based on predicted performance. While some aspects of the 
modifications may not be used on AirRay, they still provide valuable insight into the effects they 
have on ground effect vehicles for future applications.  
4.3.1 Baseline 
The straight wing was modeled in ground effect and compared to the analytical results 
from the basic design calculations in order to assess the validity of the computational results. The 
computational data is broken into two groups, the original tail that the initial analysis was 
performed with and the modified split tail which will be discussed later. The analytical results 
are for a baseline straight wing case out-of-ground effect. These results can be expected to 
increase up to a maximum of 20% in ground effect. Therefore the computational results should 
be greater than the analytical results out-ground-effect and preferably greater than the analytical 
results in-ground-effect. The comparison of lift results for the baseline geometry is shown in 
Figure 45. Note: The nomenclature of IGE represents in-ground effect and the nomenclature of 
OGE represents out-of-ground effect.  
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Figure 45: Lift Coefficient Comparison of Baseline Configuration Data 
 
In Figure 45 the standard tail model only performs marginally better than the model 
would out-of-ground effect at an angle of attack larger than zero. The model with a modified 
split tail performs significantly better than what was originally expected for any ground effect 
case at low angles of attack (around 5° or less) and reasonably well at high angles of attack.  
The analytical baseline data has been calculated from 2-D data found in the literature for 
the Wortmann FX 63-137 airfoil. The 3D data was determined by Equation 11 (7). 
     
   
     
    
  
   
         
  
 
 
        
    
     
Equation 11 
 
This method of converting data from 2D to 3D data was verified by another method shown in 
Equation 12 (5). 
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Equation 12 
 
The baseline drag data, shown in Figure 46, demonstrates that a drag reduction occurs 
with the modifications to the tail configuration in-ground effect. This aligns the drag curve of the 
modified tail in-ground effect very closely with the drag curve expected analytically out-of-
ground effect. 
 
 
 
Figure 46: Drag Coefficient Comparison of Baseline Configuration Data 
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4.3.2 Spanwise Wing Curvature 
For this research, the spanwise wing curvature was symmetrically applied to the 
wingspan where the root and tip remained on the same plane and the crest of the curve occurred 
in the center of the span. The impact of the maximum curvature on the lift coeffcieint versus 
angle of attack, was examined over a range of 0% - 10% of the span as shown in Figure 47.  
 
Figure 47: Lift Coefficients for Spanwise Curved Wings 
 
The data shown in Figure 47 revealed that the lift capabilities of spanwise curved wings 
diminished as the amount of spanwise curvature increased. With the exception of the 4% case at 
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10 degrees angle of attack, this trend is consistent throughout the data. There was also mixed 
performance in the predicted drag coefficient data as shown in Figure 48.  
 
Figure 48: Drag Coefficients for Spanwise Curved Wing 
 
At low angles of attack, the drag coefficient increased as the amount of curvature was 
increased. At high angles of attack however, the drag coefficient was reduced for the higher 
amounts of curvature but not for those under 5%. This is an unexpected result, but leaves little to 
be desired from the application of spanwise curvature. 
The moment coefficients at the leading edge were also examined in order to determine 
the center of pressure location as shown in Figure 49. As the amount of applied spanwise 
curvature increased, a slight decrease in the moment coefficient occurred. This was compared 
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against 2-D moment coefficients from a secondary source as a reference case (44). The slopes 
predicted by the CFD spanwise curvature models are similar to the slope which appears in the 
reference case at higher angles of attack.  
 
Figure 49: Moment Coefficient for Spanwise Wing Curvature versus Angle of Attack 
 
The centers of pressure locations, Xcp, are calculated from the moment coefficients and lift 
coefficients as shown in Equation 13. 
    
    
 
 
       
  
 
Equation 13 
These locations are represented in Table 9 with the percentage of variation across angles of 
attack noted at the bottom. As a result of increasing the spanwise curvature, there is an increasing 
change in the movement of the center of pressure. This movement is minimal in the twisted wing 
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styles, as will be shown later. By comparison, this type of wing structure does not provide any 
benefit to the application. 
Table 9: Xcp Locations  
 
 
4.3.3 Wing Twist 
Wing twist is the application of curve to the leading edge only, where the trailing edge 
remains on the same plane. In this manner, the airfoil cross-section is twisted up from a single 
point of reference, in this case the trailing edge. The root and tip remain on the same plane and 
the maximum twist occurs in the center of the span. The maximum amount of twist coincides 
with the maximum amount of spanwise curvature that was used in the previous section in order 
to create a fair comparison between the two. The predicted lift coefficients for the twisted wings 
are shown in Figure 50. 
2% 4% 6% 8% 10%
0 4.08 4.18 4.19 4.26 4.34
5 3.99 4.01 4.06 4.09 4.13
10 3.97 4.01 4.04 4.07 4.09
15 3.91 3.95 3.99 4.01 3.86
% Change 1.71% 2.22% 2.02% 2.52% 4.81%
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Figure 50: Lift Coefficients for Twisted Wing 
 
A data point for the 8% twist at the zero degree angle of attack has been omitted from the data 
set as a result of an inability to properly converge the solution. In addition, the 8% data point at 
15 degrees angle of attack shows signs of being inconsistent and potentially incorrect when 
compared to the overall data set. In general, as the twist is increased the lift coefficients are 
shown to increase as well. This indicates that the benefit comes from the increase in the capture 
area, not the spanwise curvature of the surface. While the lift coefficients have shown an 
increase as the amount of twist increases, the drag coefficients have also revealed an increase as 
shown in Figure 51. 
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Figure 51: Drag Coefficients for Twisted Wing 
While the drag does increases with the amount of twist applied, in this particular application, the 
increase in drag is not a significant cause for concern. AirRay is for use on downhill slopes, so a 
certain amount of drag is required to restrict the maximum velocity to 30 mph.  
The moment coefficients were also examined for the twist style models as shown in 
Figure 52. As the amount of applied twist increased, there was an increase in the moment 
coefficient that occurred. This is opposite of the effects that occurred with the spanwise 
curvature models. This prediction was compared against 2-D moment coefficients from a 
secondary source (44). The slopes predicted by the CFD spanwise curvature models are similar 
to the slope which appears in the reference case but at much higher angles of attack.  
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Figure 52: Moment Coefficient for Wing Twist versus Angle of Attack 
 
The centers of pressure locations, Xcp, were calculated from the moment coefficients and lift 
coefficients as shown previously in Equation 13. These locations are represented in Table 10 
with the percentage of variation across angles of attack noted at the bottom. There is minimal 
variation in the movement in the center of pressure that occurs as a result of varying the twist 
parameters which demonstrates longitudinal stability with a twisted wing. 
Table 10: Xcp Locations 
 
2% 4% 6% 8% 10%
0 4.05 4.02 4.04 4.09 4.02
5 3.94 3.96 3.99 4.00 4.02
10 3.94 3.98 3.96 4.00 3.99
15 3.91 3.90 3.89 3.92 3.91
% Change 1.37% 1.16% 1.50% 1.73% 1.10%
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4.3.4 Vanes 
One of the greatest concerns with the simulations was an occurrence of flow shedding 
that appeared near the tail section and created a wake that spread over a small area of the wing, 
and decrease the flow over the vertical tail. Since this phenomena is common to all the models 
regardless of the style of wing, a common solution was attempted to resolve this undersirable 
flow characteristic. The separated wake can be seen in Figure 53 and is indicated within the 
circle. 
 
Figure 53: Velocity Profile of Baseline Model Demonstrating Wake 
 
A variety of vanes were employed in an attempt to correct the flow. The initial vanes 
were low profile, standing only ½ inch above the surface of the body. These vanes did not 
adequately impact the flow since the problem occurred along the entire height of the tail section. 
Wake 
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The vanes were redesigned to be the height of the tail section however this resulted in causing a 
wake of its own as shown in Figure 54.  
 
Figure 54: Baseline Model with Single Vane  
 
This single vane system was modified over several iterations to adjust the length and 
curve of the vane. While the shedding flow from the seat was channeled back onto the tail 
section, the vane itself created a wake that needed to be corrected. This was resolved by creating 
a two vane system, slightly staggered from each other as shown in Figure 55. 
Vane Wake 
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Figure 55: Baseline Model with Double Vanes 
 
The inner vane reconnected the flow diverging from the seat back and the outer vane reshaped 
the flow shedding from the inner vane with little wake generation itself. Through varying the 
length, curvature, and distance between the vanes, a combination was created that increases the 
baseline, zero angle of attack lift coefficient by 25% and decreases the drag coefficient by 2.3%. 
This solution resolved the flow irregularities, however this method was deemed not aesthetically 
pleasing so a secondary solution was devised, as will be discussed below.  
 
4.3.5 Canopies 
Three canopies were tested for their effects on correcting the irregularities in the flow 
around the center section. These canopies vary in height from 5 in to 8 inches.  
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Table 11: Aerodynamic characteristics of canopies 
 
 The results of the three canopy heights are shown in Table 11. The second canopy 
geometry, with a max height of 6.5 in, demonstrated an increase in the lift coefficient compared 
to the other canopy geometries. The height of this canopy allowed air flow to hit the seat at an 
angle that allowed it to join with the upward airflow already present on the seat back. This 
resulted in an increase in the airflow that passed over the top of the tail section as shown in 
Figure 56. 
 
 Figure 56: Canopy Influence on Tail Section  
 
CL CD
Canopy 1 0.428 0.061
Canopy 2 0.434 0.067
Canopy 3 0.416 0.073
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 These three canopies were semi-circular which led to a high point in the center to the 
canopy which allowed airflow to shed over the sides and downward to join back with the wings. 
Canopy 2 was modified to be flatter on top creating an elliptically shaped canopy instead of a 
semi-circular shape. This allowed more airflow to stay attached to the top of the canopy thus 
increasing the airflow over the tail section and also increasing the aircraft’s overall lift 
coefficient from 0.43 to 0.47.  The flattening of the canopy also allowed for a drag reduction to 
occur, lowering the CD from 0.067 to 0.0542.  
4.3.6 Tail Modifications 
The addition of the canopy minimized the turbulent regions from forming before the tail 
section. Thus the majority of the remaining wake that was created was formed not by the 
passenger seating area but by the tail section entirely. This means that the tail section needed to 
be modified to eliminate the remaining wake as shown in Figure 57. 
 
Figure 57: Wake of Tail Section 
 
Tail 
Wake 
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The first section that was examined was the bend in the aft section of the tail. This bend 
was originally 18.5° and was gradually reduced to 15° and then 10°. The results of the decrease 
in the angle are shown in Table 12. As the angle was reduced, the wake reduced allowing for 
flow over that area of the wing and subsequently the lift characteristics increased. The reduction 
in tail angle also allowed for a reduction in the drag coefficient. 
Table 12: Lift Coefficients for Side Edge 
 
The draw-back to decreasing the side angle to correct the flow was that the tail increased 
significantly in thickness and was not practical as a single control surface. To reduce the 
thickness of the tail without changing the angles of the edges, required that the tail be split in 
two. This would allow ease of movement for a rudder will still keeping to the aerodynamic 
necessity of the tail shape. An example of the split tail was shown previously in Figure 44. One 
side effect of the split tail concept is that more airflow can be allowed over the rider as air can be 
released between the tails, if the increased profile drag becomes excessive. 
The second section that was focused upon was the connection point between the seat 
back and the front of the tail section. This connection was varied to have a radius of 5, 7.5, and 
10 inches while maintaining a constant side angle of 10°. For the zero angle of attack baseline 
case, the lift coefficients resulted as shown in Table 13.  
Table 13: Lift and Drag Coefficients for Front Edge 
 
Degree CL CD
18.5 0.4347 0.0673
15 0.4554 0.0529
10 0.4925 0.0481
Radius [ in] CL CD
5 0.485 0.573
7.5 0.4925 0.608
10 0.4907 0.0649
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The mid-range radius allowed the flow to remain attached to the tail surface more efficiently 
than the other radius options. This was reflected in the lift coefficients produced by the range of 
radii.  
4.3.7 Assessment of Computational Research 
The different elements explored during the computational portion of this research effort 
provided unique benefits to the design. Unfortunately, not all of these elements could be 
incorporated due to the astatically unappealing nature of the variations. Selected planform shapes 
were then tested experimentally, with an emphasis on the twisted wings as discussed in the next 
chapter. These shapes provided the most lift benefit which would allow for a reduction in wing 
size and thus weight. 
 The canopy section is a requirement for passenger safety and the second canopy, with a 
maximum height of 6.5 inches above the surface of the wing, placed in front of the passenger is 
enough to angle the air flow up over the rider and on top of the tail section providing additional 
lift.  
The modification of the tail section to incorporate rounded edges and a split tail prevents 
the separated wake from forming and shedding over the wing. Without the interference of this 
wake, an improvement in the lift capabilities was seen in the baseline and a marginal reduction in 
the drag coefficient was seen as well. Since this section is common to all the models, the increase 
in lift capability can be expected on the twisted and spanwise curved wing variants as well.  
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Chapter  5.0 Experimental Research 
5.1 Experimental Setup 
This section covers preliminary tasks that were completed for experimentation, which 
includes the model construction, test rig, instrumentation, and flow scaling in order to create a 
working test environment. 
5.1.1 Test Facility 
The WVU Subsonic Closed Loop Wind Tunnel was used as the testing facility for this 
experiment. The tunnel, built in 1945, is comprised of 2 test sections, the high speed test section 
and the low speed test section a shown in Figure 58 (57). The models will be tested on the low 
speed side, as it is significantly larger measuring 4 ft by 6 ft with the interior walls in place. 
 
 
Figure 58: WVU Subsonic Closed Loop Wind Tunnel (57) 
 
Low speed Test Section 
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Before a test was conducted, a basic flow examination was performed to assess the type 
of in the large test section of the wind tunnel. It was found that the flow was impinged along the 
inner wall of the tunnel, upstream of the test section by the turning vanes. This flow situation 
was resolved with the placement of a wall just downstream of the vanes in order to divert the 
flow back to the center of the tunnel as shown in Figure 59.  
 
Figure 59: Wind Tunnel Top View with Vane and Wall Placement 
 
The flow was then examined with a manometer to assess the variations of flow speed at different 
locations along the length of the test section and an inside 3 ft cross-sectional window. Four 
locations down the length of the tunnel were tested, 1 ft apart, beginning furthest upstream and 
moving downstream along the length of the tunnel. At any given location along the length of the 
tunnel, five additional locations were test vertically (32 in to 44 in above the floor) and three 
locations horizontally (center, 1.5 ft left and 1.5 ft right) to comprise a 2-D window of semi-
uniform velocity. The velocities of the flow are shown in Table 14 to Table 17 with the change 
in the overall velocity shown in the far right column. 
Turning Vanes 
and Wall 
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Table 14: Position 1 – Furthest Upstream 
 
Table 15: Position 2 – 1 ft Downstream of Position 1 
 
Table 16: Position 3 – 1 ft Downstream of Position 2 
 
Table 17: Position 4 – 1 ft Downstream of Position 3 
 
5.1.2 Model Construction 
Four sets of models were created for experimental testing. Sets of models are necessary 
as two are required to utilize the plane approach, to simulate a moving ground plane under the 
P1 Left Middle Right Δ Vel
44 14.34 17.24 14.34 2.90
41 15.12 16.56 16.56 1.44
38 14.02 15.12 15.86 1.84
35 14.34 15.12 15.86 1.51
32 14.34 15.86 15.12 1.51
Velocity [ft/s]
P1 Left Middle Right Δ Vel
44 15.12 17.24 16.56 2.12
41 15.86 17.24 15.86 1.38
38 15.86 16.97 15.86 1.11
35 15.12 16.91 16.91 1.78
32 15.12 16.56 15.86 1.44
Velocity [ft/s]
P1 Left Middle Right Δ Vel
44 15.12 15.86 15.86 0.74
41 15.12 15.12 15.12 0.00
38 14.81 15.57 15.12 0.75
35 14.34 15.42 15.86 1.51
32 14.34 15.12 15.57 1.22
Velocity [ft/s]
P1 Left Middle Right Δ Vel
44 14.81 15.86 15.57 1.04
41 14.34 15.12 15.12 0.78
38 14.34 15.12 15.12 0.78
35 14.02 14.34 14.66 0.64
32 13.18 14.34 14.66 1.48
Velocity [ft/s]
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craft. Two sets of models were created with twisted wings, one pair with curvature and the last 
pair were baseline models with straight wings, for a total of four pairs of wing models. The 
wings of the models were constructed of balsa wood cross sections, supported by carved 
Styrofoam along the leading and trailing edges, overlaid with Monocoat for a skin. The cross 
sections of the wing can be seen in Figure 60, assembled together to form a wing. 
 
Figure 60: Balsa Wood Cross-Section of Wing 
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Figure 61: Balsa Wood Cross-Section of Wing with Styrofoam Inlay 
 
Styrofoam was glued into the leading and trailing edge and was cut to fit the curvature of the 
wing as shown in Figure 61. A home-made hot wire cutter was used to cut the Styrofoam as seen 
in Figure 62. 
 
Figure 62: Hot Wire Cutter 
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To cover the surface of the wing, a plastic, low heat material called Econocoat was used. This 
material can be heated to stick to itself with an iron and then heated with a heat gun to shrink the 
material to mold tightly to the wing form as shown in Figure 63. 
 
Figure 63: Econocoat Covered Wing Form for Baseline Configuration 
 
The center body of the glider was made of solid balsa wood, hand-carved to match the 
specifications of the CFD model. This was also covered in Monocoat to assist in removing 
surface roughness similar to the wings. A complete model can be seen in Figure 64. 
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Figure 64: Complete Model of Baseline Geometry 
 
5.1.3 Test Rig 
In order to perform wind tunnel testing, a test apparatus had to be designed and 
constructed that would hold both the models and the sting containing any instrumentation that 
would be used to take and record data. There were some initial concerns about vibrations from 
the wind tunnel interfering with the readings from the instrumentation, so it was decided that the 
test rig needed to be hard mounted to the concrete floor beneath the wind tunnel. Therefore a 
design was created of a freestanding pipe on a stable t-shaped platform as shown in Figure 65 
that was drilled through the floor of the tunnel and mounted into the floor using concrete 
anchors. 
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Figure 65: Test Rig 
 
The test rig was designed in two sections, a bottom section that would fit under the tunnel 
and top section that could be attached from inside the wind tunnel to the bottom section. As 
mentioned before the bottom section had four anchors points which were mounted into the 
concrete floor with 4 in bolts. The top section consisted of schedule 80, 2 in steel pipe that 
connected to the bottom section with a threaded coupling. This meant of course that a small hole 
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was drilled in the wind tunnel floor to allow for the connection to occur. This opening was kept 
minimal to prevent flow issues around the spacing. The top of the test rig was fitted with 
brackets that were welded in place which were used for mounting the two stings needed to hold 
the models as shown in Figure 66.   
 
Figure 66: Symmetric Models Mounted to Test Rig 
 
The pipe was sized based on its ability to resist bending in the beam based on the 
expected applied forces determined from the CFD models. The bottom section on the pipe was 
reinforced with a support piece to limit the length of applied bending thus allowing for smaller 
diameter pipe. This was important because a smaller test rig support structure allows for less 
flow interference during testing.                                                                                                                                                                                                                                                                                                                                                                                                                     
90 
 
5.1.4 Sting Design 
In order to measure the forces experienced by the glider model a sting, otherwise known as an 
internal balance, was designed. This sting was designed to measure pitch, drag and lift since 
these were the primary characteristics of concern. Pitch and lift are found from similar 
instrumentation so can be set-up with a similar device for measurement. As shown in Figure 67, 
a bending beam can be used to determine the lifting force and the pitching moment.  
 
Figure 67: Bending Beam for Pitch and Lift (58) 
Both of these characteristics are measured based on deflections experienced by strain gages that 
are placed along the beam. The strain gages are placed in full Wheatstone bridges as shown in 
Figure 68. Full Wheatstone bridges are used in order to increase sensitivity and resolution and 
are capable of compensating for temperature variations between the gage and the mount (59). 
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Figure 68: Wheatstone Bridges for Lift and Pitch (58) 
 
Drag was placed in another location apart from the pitch and lift since it required bending in a 
separate direction. As shown in Figure 69, the drag was designed to be determined by vertical 
beams that flexed when an axial force was introduced. While this method can produce 
interference from the lift force, it is one of the easiest to implement.   
 
Figure 69: Bending Beam for Drag (58) 
Much like the lifting force and pitching moment, the drag force was determined through 
the use of a full Wheatstone bridge as shown in Figure 70. 
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Figure 70: Wheatstone Bridge for Drag (58) 
 
The culmination of the pitch, lift, and drag design theories were developed into a sting capable of 
measuring three components in combination as shown in Figure 71. This design utilized an 
adjustable head capability that would allow for an adjustment of the angle of attack without 
moving the main body containing the strain gages out of the direction of the wind axis. This is an 
important feature since most stings are held along the body of the model requiring a translation 
of forces back to the wind axis. 
 
Figure 71: Sting for Gages 
Since symmetric modeling took place to mimic ground effect in the wind tunnel, a 
second sting was constructed that did not require the use of gages, shown in Figure 72.  
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Figure 72: Sting for Symmetric Model 
 
This sting therefore, consisted of a straight beam that could be placed at a given distance 
from the ground plane. In order to test within the ground effect regime, the models must be 
located within a chord length to the ground (14). The chord of this model is 12 in and the model 
distance to the symmetry plane is 3 in, or 25% of the chord length. When placed as mirror 
images of each other, Figure 73, each model is 3 in from the ground but 6 in from each other.  
 
Figure 73: Representation of Ground Plane through Mirror Imaging 
 
Ground Plane 
3 in 
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5.1.5 Sting Calibration 
The sting was calibrated using a block of wood that was representative of the initial 
weight of the model. Various weights were connected to the block, both in the positive and 
negative directions, to assess the applied weight versus the indicated weight from the strain 
gages as shown in Figure 74.  
 
Figure 74: Weights 
 
In this manner, the calibration curves were created that can be applied to future readings from the 
internal balance. A calibration curve was created for the lift force as shown in Figure 75.  
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Figure 75: Lift Force Calibration Curve 
 
The calibration curve for the lift force can be expressed as shown in Equation 19. This expresses 
a relationship between the weight applied to the sting, y, and the weight that was indicated by the 
recording instrumentation, x. 
               Equation 14 
 
The drag calibration curves were more complicated in that the interaction from the lift 
component needed to be taken into account as created interference in the drag force reading. 
Therefore measurements were taken at each angle of attack tested to determine the interference 
created by the varying lifting forces. The interference caused by the lifting force at 0° angle of 
attack is shown in Figure 76.  
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Figure 76: Interference Caused by Lift at 0° Angle of Attack 
 
An expression for the interference force at 0° angle of attack can be expressed in Equation 15, 
where x represents the applied lifting force and y represents the interference force as it applies to 
the drag.  
                 Equation 15 
 
The interference factor is determined through the use of the known lifting force. This 
interference factor is then subtracted from the recorded drag forces to achieve the correct results. 
The interference curve for 5° angle of attack is shown in Figure 77. 
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Figure 77: Interference Caused by Lift at 5° Angle of Attack 
 
Similarly, this figure can be expressed as an equation, shown in Equation 16. 
                Equation 16 
The interference curve for 10° angle of attack is shown in Figure 78.  
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Figure 78: Interference Caused by Lift at 10° Angle of Attack 
 
This figure can also be expressed through the use of an equation, shown in Equation 17.  
                 Equation 17 
And lastly, the interference curve for 15° angle of attack is shown in Figure 79. It should be 
noted that while the equations present similar slopes, they are different enough to represent 
significant changes in correcting the drag force. 
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Figure 79: Interference Caused by Lift at 15° Angle of Attack 
 
The equation representing the interference cause by lift for 15° angle of attack is shown in 
Equation 18.  
                 Equation 18 
 
5.1.6 Flow Scaling  
In order to perform experimental testing, scaled models of the wing geometries were 
constructed. It was necessary to use scaled models as a result of the limited size of the test 
section in the testing facility. The testing facility in use was the 6 ft x 4 ft test section of the 
WVU Closed Loop Subsonic Wind Tunnel. When working within a given test section, the 
amount of wind flow blockage that a model creates must be taken into account when sizing the 
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model. A blockage factor of 5-10% is the preferred maximum amount allowable in the wind 
tunnel before interference effects become considerable.  As a result of scaled model geometries, 
the associated wing speed and ground speed were also scaled. 
 Froude number scaling was used to relate the full size model operating at 44 ft/s with a 
10 ft root chord, to the 1 ft root chord scaled model. This non-dimensional number relates the 
chord length to velocity as shown in Equation 19and is used for flow with the free surface (60). 
In this study, the effective “free surface” is the symmetry plane or ground plane. 
lg
V
Fr 
 
Equation 19 
From this relationship, a velocity of 13.91 ft/s was found for the scaled model to be used 
in experimental testing. In addition, it was necessary to know the Reynolds number in order to 
categorize the flow around the scaled model. The Reynolds number was calculated using 
Equation 20 in which the density was taken at sea level to be 0.00238 slugs/ft3 and the viscosity  
of   3.68e-7 lbf-s/ft2. 

VL
Re
 
Equation 20 
For the scaled model speed of 13.91 ft/s, the Reynolds number was calculated to be 
6.5x104 for a chord length of 1 ft, which indicates a laminar flow. Laminar flow occurs when the 
Reynolds number is less than 3x105 (6). The speed of this scaled model, found through the use of 
Froude number, is located inside a Reynolds number regime which has been found to be unstable 
in previous experimentally tested 3-D airfoils and can cause laminar flow separation to occur as 
shown in Figure 80 (61).  
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Figure 80: CL vs. CD chart (left) and CL vs. α chart (right) (61) 
 
As a result, the baseline model was tested at 30 ft/s, 40 ft/s and, 50 ft/s, which is 
approximately equivalent to Re=140,000; Re=188,000; and Re=235,000. This verified 
concurrence among surrounding Reynolds numbers, and determined a suitably similar testing 
velocity that avoided the laminar separation that was known to occur below Re=100,000.  
 
5.2 Experimental Results and Analysis 
This section describes all experimentation that was performed in the wind tunnel, 
including Reynolds number analysis, boundary layer tripping analysis, and model comparison 
and analysis. 
5.2.1 Reynolds Number Comparison 
The results for varying Reynolds numbers were compared for low speed velocities in order to 
determine if higher Reynolds would produce similar aerodynamic results, i.e. force coefficients, 
without the laminar separation issue that was known to occur at or below Re=100,000. The 
resulting comparison, Figure 81, was produced for the lift coefficients. This comparison included 
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three Reynolds numbers as well as an additional test at Re=140,000 that used boundary layer 
trips as a method for simulating turbulent flow similar to that anticipated on the full-sized model. 
A further explanation of boundary layer trips; their styles and effects, are discussed in Section 
5.2.2. 
 
Figure 81: Reynolds number comparison of lift  
 
As shown in Figure 81, the lift slopes of the three Reynolds numbers are closely located 
near each other with the exception of the 30 ft/s curve at 10° and 15° angle of attack. This lift 
curve shows substantial improvement at the higher angles of attack with the addition of a 
boundary layer trip located at a distance of 30% of the chord from the leading edge. The drag 
behavior, as shown in Figure 82, is more susceptible to Reynolds number variations than the lift 
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shown in Figure 81. This is an expected trend that has been demonstrated repeatedly in various 
experimental works, including that shown in Figure 80.  
 
Figure 82: Reynolds number comparison of drag 
 
In order to maintain similarity for comparison and avoid laminar separation, the 30 ft/s case will 
be used to measure and compare data across all model types. These results will most closely 
resemble the expected full-sized results at the 13.91 ft/s test velocity. 
5.2.2 Boundary Layer Trip Analysis 
An investigation into boundary layer tripping was conducted as part of this research to 
establish comparable flow characteristics to that of the full-scale model. A boundary layer trip is 
a device that is laid along the span of the wing at a given distance from the leading edge in an 
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attempt to alter the flow located close to the surface of the wing. This device can be constructed 
of any material but is most commonly created from tape or sand and is located at a distance 
upstream of the maximum thickness location of the airfoil. (62)(63) For the Wortmann FX 63-
137 case, the maximum thickness location occurs at a distance approximately 30% of the chord, 
from the leading edge.  
For this investigation, five types of boundary layer trip styles were examined, located at 
two locations along the chord-line. These boundary layer trips were chosen for the maximum 
height and surface roughness that they could provide. Boundary layer trips typically do not 
exceed the predicted height of the boundary layer. These trip heights were chosen to start at the 
boundary layer height of 3/16 in and decrease in size in order to establish that flow was moving 
over the wings at these locations and would produce known effects, namely flow separation. The 
initial boundary layer height was determined from flat plate boundary layer thickness predictions 
(4). The trip number, construction material and maximum size is shown in Table 18. 
Table 18: Boundary Layer Trip Style 
  Material Size [in] 
Trip 1 Aluminum   3/16 
Trip 2 Aluminum   1/8  
Trip 3 Sand   1/16 
Trip 4 Sand   1/32 
Trip 5 Tape   1/64 
 
Trips 1 and 2 were constructed of the thin aluminum found in soda cans. The aluminum was cut 
into strips and folded in half along the length to create a 90° fold. One edge was then cut into a 
saw-tooth pattern as shown in Figure 83 and placed along the upper and lower surfaces at the 
same chord location.  
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Figure 83: Boundary Layer Trip Style 1 and 2 
Trips 3 and 4 were constructed of coarse and medium grain commercially available sand. 
This sand was attached to the model wings on the upper and lower surface using double sided 
sticky tape as shown in Figure 84. The double-sided tape was of minimal thickness as it was 
smaller than the measuring capability of a 1/64 in scale caliper and was therefore ignored. 
 
Figure 84: Boundary layer Trip Style 3 and 4 
 
Trip 5 was constructed of commercially available duct tape that was cut in a ¼ inch wide 
strip and placed down the length of the wings in the same manner as the previous styles. This 
tape was chosen due to its high thickness compared to other tapes such as packaging, scotch, etc.  
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The boundary layer trips were placed on the baseline model in ground effect and 
measured against an un-tripped model to determine the effectiveness of each style of the lift 
coefficient. The results are shown in Figure 85 and Figure 86, and are broken down into smaller 
groupings in subsequent figures to highlight the effects of certain styles. 
 
Figure 85: Boundary Layer Trip Lift Comparison (Experimental) 
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Figure 86: Boundary Layer Trip Drag Comparison (Experimental) 
 
The boundary layer trips shown in Figure 87 were taken from Figure 85 to demonstrate 
those trips that caused flow separation to occur and thus lower their respective lift coefficients. 
These trips were the aluminum style trips that were created to intentionally impede the flow and 
thus verify that flow was passing over the wings and had not already separated.  
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Figure 87: Ineffective Boundary Layer Trips – Lift Coefficients (Experimental) 
 
While, primarily, the lift was examined for its influence on achieving turbulent flow, the 
drag component was also examined to determine what influence the boundary trips had. Shown 
in Figure 88 are the boundary layer trips that showed negative benefit for the lift component. The 
drag coefficients for the various trips have a tendency to move in similar motions, with the 
greatest decrease in the drag coefficient being shown at 0° angle of attack. There occurs a peak in 
the drag increase at 5° angle of attack, before falling off again towards 15° angle of attack. 
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Figure 88: Ineffective Boundary Layer Trips – Drag Coefficients (Experimental) 
 
Figure 89 demonstrates the boundary layer trips that have increased improvement with decreased 
trip size. These two styles are those of the sand, where the medium sized sand showed an 
increased improvement at the higher angles of attack than the coarse grain sand. 
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Figure 89: Boundary Layer Trips with Increasing Effectiveness – Lift Coefficients 
(Experimental) 
Figure 90 demonstrates the drag coefficients for those boundary layer trips that were shown to 
produce effective results in the lift direction. The drag coefficients for these boundary layer trips 
demonstrate larger variation from the baseline case than those shown in Figure 88. With the 
exception of the 0° angle of attack case, the drag coefficients all show an increase over the 
baseline case. This increase in the drag coefficients was expected given the flow excitation that is 
occurring at the boundary layer.  
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Figure 90: Boundary Layer Trips with Increasing Effectiveness – Drag Coefficients 
(Experimental) 
Figure 91 shows the boundary layer trips that have lost their effectiveness as they have 
become too small to properly impact the flow at larger angles of attack. Trip 5 is compared to 
Trip 4 which had the peak performance off all the trip styles. Trip 5 is able to produce an 
improvement in the lift coefficient at 0° angle of attack, but at approximately 2.5° this quickly 
changes and is unable to out-perform Trip 4.  
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Figure 91: Boundary Layer Trips with Decreasing Effectiveness – Lift Coefficients 
(Experimental) 
In Figure 92, the drag coefficients for the decreasingly effective boundary layer trips are 
shown. These shown an overall decrease in the variation of the drag coefficients as compared to 
Figure 90 with the exception of Trip 5 located at 30% of the chord at 15° angle of attack. Given 
that this trip is the smallest height with which to transition the flow, it is interesting to note its 
influence at this location.  
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Figure 92: Boundary Layer Trips with Decreasing Effectiveness – Drag Coefficients 
(Experimental) 
Figure 93 compares Trip 4, placed at a location 30% of the chord from the leading edge, 
with an un-tripped model. There is approximately a 5% increase that occurs over the range of 
angles of attack for the tripped curve as compared to the un-tripped curve. This boundary layer 
trip resulted in a lift slope which more closely matches with those of higher Reynolds numbers as 
shown previously in Figure 81. 
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Figure 93: Most Effective Trip – Lift Coefficient (Experimental) 
 
Figure 94 shows the drag coefficients for the boundary layer trip that was decided to have 
the most benefit in tripping the boundary layer flow and simulating turbulence. The drag 
coefficients for this trip, with the exception of 0° angle of attack, show an increase over the 
baseline, non-tripped, case. Overall, there is a general increase in the slope of the drag coefficient 
line, indicating a uniform change to the body flow at varying angles of attack. 
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Figure 94: Most Effective Trip – Drag Coefficient (Experimental) 
 
Overall, the use of trips is an effective means of altering the boundary layer. Through the 
application of various trips, a relationship was shown that developed between the height of the 
trip and the interaction with the boundary layer. The large aluminum trips caused flow separation 
to occur as a result of the height rivaling that of the boundary layer itself and therefore impeding 
the flow. The sand was 1/3 to 1/6 the size of the boundary layer height and caused an increase in 
the performance of the wing. The tape was 1/12 the boundary layer height and showed decreases 
in the performance as compared to previous trips indicating a peak performance around 1/6 the 
boundary layer height. 
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5.2.3 Baseline Model Testing 
In order to determine the accuracy of the results, the experimental values of the baseline 
model need to be compared to existing data from computational analysis and analytical data. For 
the purpose of this verification, the results were compared to computational analysis that was 
performed on the full scale design from which this scaled experimental model was built. In 
addition, analytical data was also used for lift comparison which was adapted from 2-D 
experimental data as demonstrated in Section 3.3. This analytical data is representative of a 3-D 
wing out-of-ground effect, therefore the provided lift coefficients can be up to 20% less than the 
experimental and computational ground effect counter-parts shown in Figure 95.  
 
Figure 95: Lift Coefficient Comparison for Baseline Configuration 
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In Figure 96, the drag coefficients are plotted against the lift coefficients which show a higher 
drag coefficient for the experimental wind tunnel testing. This could be in part to the physical 
nature of the wing containing imperfections, such as where the material overlaps itself and 
creates an edge, resulting in an increase of drag. This could also be a result of a significant 
increase in the configuration base drag over the theoretical predictions due to the relatively low 
aspect ratio fuselage. The analytical drag coefficients were found in the same manner described 
previously in Section 3.4 and are representative of out-of-ground effect values. The use of the 
ground effect regime for flight allows for a potential decrease in the induced drag up to 10%, 
however due to the type of ground-effect generated (i.e. chord-wise dominated); this reduction is 
perceived to not occur.  
 
Figure 96: Drag Coefficient Comparison 
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5.2.4 Twisted Model Testing 
Variations in the classical wing form were examined in ground effect, including the 
configuration with a twist that peaked in the center of each wing wherein the trailing edge 
remained flat and the leading edge contained a curve. The lift benefit of two amounts of twist, 
were examined experimentally and compared to work that was performed computationally as 
shown in Figure 97.  
 
 
Figure 97: Comparison of Lift for 6% Twisted Model 
 
Figure 97 shows a distinct improvement of the twisted models both experimentally and in 
CFD as compared to the in-ground-effect experimental baseline. The improvements are more 
dramatic in the wind tunnel testing reaching as high as 38% improvement over the baseline 
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model at 0° angle of attack as shown in Table 19. The experimental data showed a small increase 
over the CFD as well with as much as a 12% increase at 0° angle of attack, tapering off to 1% at 
15° angle of attack. The improvement of twisted wings is the most beneficial at lower angles of 
attack which for this particular application, is where the benefit is needed the most. 
Table 19: Lift Analysis from 6% Twisted Model 
 
For the 6% twisted model, the drag coefficient was also shown experimentally to be 
higher than the CFD prediction at similar lift coefficients. The shape of the drag curve is 
respective of being in the drag bucket, with the decrease shown experimentally for decreasing CL 
shaping the one side of the bucket. The bucket side is reflected by the solitary experimental data 
point that was shown to demonstrate the bucket edge. Further investigation should occur to 
round out the drag bucket and fill in additional points. This was outside the scope of the current 
work. The CD of the experimental 6% twisted shape shows a decrease as compared to the 
experimental baseline which is known to occur in ground effect from induced drag reduction. 
This primarily occurs when the wing tip and/or trailing edge vortices are unable to develop as a 
result of ground proximity. In this case, the trailing edge of the twisted wing is channeling the 
flow from the body and forcing it through a narrow opening created by the trailing edge with 
respect to the ground. This is creating a higher pressure location on the underside of the trailing 
edge, than what would be seen with the spanwise curvature wing. This in turn is changing the 
formation of the vortex generation and presumably reducing its effects. 
AoA CFD Baseline
0 12% 38%
5 8% 14%
10 6% 13%
15 1% 7%
6% Twisted as Compared to:
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Figure 98: Comparison of Drag for 6% Twisted Model 
 
The 10% twist model was also tested experimentally to indentify whether a gradual 
improvement in lift was present as twist increased, which was predicted in the CFD. As shown in 
Figure 99, the experimental model is within 10% of the CFD model, demonstrating concurrence 
with the prediction, which both show a marked improvement over the experimental baseline. 
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Figure 99: Comparison of Lift for 10% Twisted Model 
 
The amount of improvement is shown in Table 20, which compares the experimental 
twisted model to the baseline as well as the CFD model. The experimental 10% twisted model 
has almost doubled the amount of improvement of the experimental 6% twisted model case at 
lower angles of attack. At 15° angle of attack, the CFD actually predicts a slightly higher lift 
coefficient than what was found in the wind tunnel testing, however this could be a result of 
either experimental or computational error as will be discussed in Section 5.2.6. 
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Table 20: Lift Analysis from 10% Twisted Model 
 
The 10% twisted drag model, like the 6% twisted drag model, shows the characteristic 
slope that is present with being in the drag bucket with one end of the drag bucket being shown 
in the experimental data for the twisted model only. This end of the drag bucket was found 
through additional testing at -5° angle of attack as is shown as a solitary point. 
 
Figure 100: Comparison of Drag for 10% Twisted Model 
 
 
  10% Twisted as Compared to: 
AoA CFD Baseline 
0 8% 66% 
5 5% 23% 
10 5% 16% 
15 -1% 9% 
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5.2.5 Spanwise Curvature Model Testing 
Another variation in the classic wing form is the use of dihedral spanwise wing curvature. 
This method, unlike the twisted approach, does not increase the capture area, but simply 
relocates the cross-sectional airfoil shape to a different location along the span. As shown in 
Figure 101, experimentally the curved model does not perform as well as the baseline model 
which was also found in the CFD predictions of performance. 
 
Figure 101: Comparison of Lift for 10% Curved Model 
 
With the exception of some minor variation at 0° angle of attack, the CFD and 
experimental curved models are within a few percentage points of each other as shown in Table 
21.  
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Table 21: Lift Analysis from 10% Curved Model 
 
 
The drag coefficients for the experimental curved model are shown in Figure 102 as 
compared to the CFD curved model and the experimental baseline model. The curved drag 
values are similar to those of the baseline with little variation. The similarity is due to the 
likeness in the frontal areas and general profiles of the wings. The curved model has a slightly 
larger wing area, accounting for the increase in the drag on the skin.  
 
Figure 102: Comparison of Drag for 10% Curved Model 
 
AoA CFD Baseline
0 6% -37%
5 -1% -27%
10 -1% -15%
15 0% -13%
10% Curved as Compared to:
125 
 
5.2.6 Error Analysis 
The instrumentation error was examined for the measured forces taken during the 
experimental tests. Equation 21 shows the formula for determining the uncertainty created by the 
instruments, both electronic and hand-held. 
     
  
   
   
 
  
  
   
   
 
    
  
   
   
 
 
 
 Equation 21 
 
The resultant uncertainty, uR, is a measurement corresponding to a measured result, R, 
and the measure quantities, xi, from which R is a function. The measured quantities x, in which i 
indicates a variety of quantities, each have a component of uncertainty as shown in Equation 22. 
                  Equation 22 
The two measured experimental resultants were the lift and drag forces which were equated to 
lift and drag coefficients. Each of these has uncertainty in the measured value as a result of error 
introduced through the calibration equipment, measuring devices, etc. In the case of the lift 
coefficient, CL=f (T, P ,ρ, L, V). Therefore, partial derivates will need to be taken of all these 
quantities, with the exception of density, since it is a function of pressure and temperature. The 
resulting partial derivatives are shown in Equation 23 through Equation 26. 
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Equation 26 
The partial derivates can then be applied to Equation 21, as shown in Equation 27, where u1 
through u4 are uncertainties of each measuring device, shown in Table 22. 
     
   
    
   
 
  
     
     
   
 
  
   
    
   
 
  
    
    
   
 
 
 
 Equation 27 
 
These devices were used to take the data and will produce an uncertainty for each lift coefficient 
calculated. As an example of the resulting error, a calculation was performed for the free-stream 
(OGE) baseline case at 0° angle of attack, and resulted in an error of approximately ±0.0034%. 
Table 22: Uncertainties of Measurement Device as Percent of Reading 
 
For the drag coefficient case, CD=f (T, P ,ρ, L, V, CL), where CL is now included as a 
result of the interference it provides in the CD calculation that must be taken into account. 
Therefore, the uncertainty calculation for CD will include all terms previously mentioned in the 
CL calculation and shown in Equation 23 through Equation 26. The new terms used for the CD 
are shown in Equation 28 through Equation 31. 
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Equation 29 
Bridge Balance 0.10%
Barometer 0.03%
Thermometer 1.43%
Manometer 11.11%
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Equation 30 
   
  
 
    
    
 
Equation 31 
Once the terms have been placed in the uncertainty equation, as shown in Equation 32, then the 
error as a result of instrumentation can be known. An example of this error for the free-stream 
(OGE) baseline case at 0° angle of attack is 0.0035%. 
     
   
    
   
 
  
     
     
   
 
  
   
    
   
 
  
    
    
   
 
  
 
   
   
    
   
 
  
     
     
   
 
  
   
    
   
 
  
    
    
   
 
 
 
 
 
 
Equation 32 
 
 
5.2.7 Results Summary 
Overall the variation in wing planform shape produced interesting results in the 
aerodynamic performance of the glider.  As shown comparatively in Figure 103, the twisted 
wing creates the most lift enhancement as a result of the increase in the capture area. The 
spanwise curvature wing, due to its lack of increased capture area and variation in airfoil position 
along the span, caused a noticeable decrease in the lift performance.  
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Figure 103: Overall Lift Comparison 
 
The drag values are split among the two groupings of styles; group 1 is the baseline and 
spanwise curvature styles which have similar frontal profiles, and group 2 contains the twisted 
styles which have a larger frontal profiles. Group 1, as shown in Figure 104, is bunched together 
and has similar amounts of drag acting on the models. Group 2, the two twisted cases, 
demonstrated a substantial shift from the drag polars shown in the baseline and spanwise 
curvature cases.  The variation in the wing structure allows for an increase in the capture area 
and thus a large increase in lifting force, while maintaining similar amounts of drag.  
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Figure 104: Overall Drag Comparison 
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Chapter  6.0 Conclusions  
The main objective of this research was to correctly size the wing and minimize the 
planform shape in order to maintain flight and prevent leaving the ground effect regime. This 
reduction in span, caused by an increase in the lift performance, would also increase the 
maneuvering capability of the glider by allowing smaller banking angles and turning radii.  
The improvement in the lift capabilities presented through the use of the twisted wings 
allows for improvements to be made on the overall design and size of the glider. With a CL=0.92, 
at 5° angle of incidence, this allows for a 4.5% reduction in the overall size of the glider. This lift 
coefficient is approximately 7% improved over the lift coefficient that was used to design the 
baseline straight wing model analytically which was adapted from 2-D data and then adjusted by 
20% to account for the predicted ground effect benefit. The reduction in the overall size also 
allows for a 0.5° increase in the banking angle of the glider. While not widely improving its 
maneuverability, this will increase the rate at which it turns. In addition, there is a drag reduction 
that occurs with this style of wing. In the current application, drag is necessary in order to restrict 
the safe maximum speed and to minimize the rider’s ability to exceed this.  
The final design included a 4.5% reduction in the overall size which resulted in a wing 
span of 17.4 ft and a root chord length of 10.23 ft. The front view of the final design is shown in 
Figure 105 and reflects the use of the 10% twisted wings with a rounded seat back section and a 
flattened canopy. 
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Figure 105: Final Design (front view) 
 
The back view of the final design is shown in Figure 106, showing the split tail sections with 
vertical rudders on each side and flaperon placement.   
 
Figure 106: Final Design (back view) 
The use of ground effect has been around for over a century with many contributions 
being added over time. The application of ground effect to a low speed, gravity propelled glider 
is a unique addition to this field. The use of biomimicry to alter the wing structure and enhance 
the flight performance of this glider in the ground-effect regime is also another novel addition. 
The data gained from this research into the flight characteristics of arc dihedral/anhedral and 
twist in-ground-effect provides a useful contribution to the understanding of flight over the 
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ground. This research can be applied not only to AirRay, as a gravity propelled aircraft, but to 
any powered aircraft that operates in ground proximity flight. This could lead to new avenues of 
low-speed, single or multi, rider aircraft that would have commercial and military applications 
such as scout vehicles, border patrol, or for towing vehicles which are capable of flying over 
minefields. 
6.1 Recommendations  
The next step in the progression of this research would be to examine the effects of 
moving the location of maximum curvature and twist along the semi-span. For this case, the 
effects were examined with the flexure point located at half the semi-span, however, bird wings 
vary this location demonstrating additional flexure points ranging from a quarter the distance of 
the semi-span from the root to a quarter the distance of the semi-span from the tip of the wing.  
As a step further to this, the drag characteristics could be examined on a broad range of 
twist profiles in-ground-effect, from varying flexure points to a range of maximum heights to 
further explore the change in drag seen in 5.2.4. 
Another step in this research could include examining the integration of passive pitch 
slots, from previous 2-D AirRay research, into the twisted wing design to test overall 
performance. This work would determine if additional benefits were present or if these concepts 
were even compatible. 
The eventual progression of this research will be to build a full-scale prototype and test in 
real-world scenario. This will ensure all functionality has been met to specified requirements.  
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Chapter  8.0 Appendix 
8.1 Computational Data 
Table 23: CFD Data Baseline 
 
Table 24: CFD Data – 2% Twist 
 
Table 25: CFD Data – 4% Twist 
 
Table 26: CFD Data – 6% Twist 
 
 
Table 27: CFD Data – 8% Twist 
 
 
Table 28: CFD Data – 10% Twist 
 
 
Cl Cd Cm-LE Cm-TE Xcp-X-Calc
0 0.3379 0.0879 -0.1373 -0.0600 4.0630
5 0.6606 0.1236 -0.2607 -0.2647 3.9465
10 0.9218 0.1780 -0.7325 -0.4301 7.9462
15 1.1007 0.2501 -0.4276 -0.4276 3.8853
% Change 1.78%
2P Cl Cd Cm-LE Cm-TE Xcp
0 0.4059 0.0937 -0.1642 -0.1120 4.045
5 0.7264 0.1309 -0.2865 -0.3132 3.945
10 0.9385 0.1901 -0.3700 -0.4488 3.943
15 1.1278 0.2587 -0.4408 -0.5671 3.908
% Change 1.37%
4P Cl Cd Cm-LE Cm-TE Xcp
0 0.4694 0.1007 -0.1885 -0.1607 4.016
5 0.7665 0.1424 -0.3037 -0.3492 3.962
10 0.9669 0.2142 -0.3848 -0.4651 3.980
15 1.1592 0.2774 -0.4520 -0.5901 3.900
% Change 1.16%
6P Cl Cd Cm-LE Cm-TE Xcp
0 0.5240 0.1088 -0.2118 -0.2059 4.042
5 0.7945 0.1553 -0.3170 -0.3761 3.989
10 1.0066 0.2212 -0.3991 -0.5052 3.965
15 1.1962 0.3128 -0.4656 -0.6127 3.892
% Change 1.50%
8P Cl Cd Cm-LE Cm-TE Xcp
0 0.5505 0.1512 -0.2253 -0.5042 4.093
5 0.8294 0.1690 -0.3317 -0.4065 3.999
10 1.0173 0.2362 -0.4068 -0.5203 3.999
15 1.1180 0.3175 -0.4383 -0.5781 3.920
% Change 1.73%
10P Cl Cd Cm-LE Cm-TE Xcp
0 0.6539 0.1290 -0.2631 -0.3065 4.024
5 0.8800 0.1835 -0.3537 -0.4491 4.019
10 1.0483 0.2552 -0.4185 -0.5454 3.992
15 1.2456 0.3522 -0.4875 -0.6587 3.914
% Change 1.10%
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Table 29: CFD Data – 2% Curve 
 
 
Table 30: CFD Data – 4% Curve 
 
 
Table 31: CFD Data – 6% Curve 
 
 
Table 32: CFD Data –8% Curve 
 
 
Table 33: CFD Data – 10% Curve 
2P Cl Cd Cm-LE Cm-TE Xcp
0 0.3099 0.0944 -0.1266 -0.0551 4.085
5 0.6196 0.1241 -0.2470 -0.2514 3.986
10 0.8522 0.1771 -0.3384 -0.3986 3.971
15 1.0556 0.2574 -0.4131 -0.5204 3.914
% Change 1.71%
4P Cl Cd Cm-LE Cm-TE Xcp
0 0.2887 0.0951 -0.1206 -0.0451 4.177
5 0.6131 0.1213 -0.2456 -0.2493 4.006
10 0.8223 0.1751 -0.3297 -0.3815 4.010
15 1.0457 0.2542 -0.4136 -0.5067 3.955
% Change 2.22%
6P Cl Cd Cm-LE Cm-TE Xcp
0 0.2849 0.0935 -0.1194 -0.0464 4.193
5 0.5937 0.1233 -0.2413 -0.2385 4.065
10 0.8219 0.1712 -0.3324 -0.3826 4.044
15 0.9999 0.2416 -0.3990 -0.4903 3.990
% Change 2.02%
8P Cl Cd Cm-LE Cm-TE Xcp
0 0.2704 0.0946 -0.1153 -0.0387 4.262
5 0.5723 0.1192 -0.2340 -0.2292 4.090
10 0.8283 0.1711 -0.3368 -0.3869 4.067
15 1.0011 0.2430 -0.4015 -0.4882 4.010
10P Cl Cd Cm-LE Cm-TE Xcp
0 0.2517 0.0974 -0.1092 -0.0294 4.339
5 0.5530 0.1194 -0.2283 -0.2181 4.129
10 0.8121 0.1668 -0.3325 -0.3779 4.094
15 0.9866 0.2330 -0.3806 -0.4821 3.858
% Change 4.81%
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8.2 Experimental Data – Freestream Model (not-in-ground effect) 
Table 34: Experimental Data Runs – Baseline Model (OGE) - 0° Angle of Attack 
 
 
Table 35: Experimental Data Runs – Baseline Model (OGE) - 5° Angle of Attack 
 
*Note: Any value denoted in red was removed from data set due to it being an outlier 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.13603 0.08498 -0.015 2.415323 0.215565 -0.131258 0.518129 -0.186505875 0.055248 28.66 531 0.07151507 0.360642 0.285091
Test 2 4.9976 0.14224 0.087064 -0.01435 2.525646 0.22084 -0.125628 0.52956 -0.191247309 0.065619 28.66 531 0.07151507 0.368598 0.33861
Test 3 4.9976 0.12768 0.08265 -0.01398 2.267093 0.209645 -0.122383 0.505301 -0.181184684 0.058802 28.66 535 0.07098037 0.354362 0.305715
Test 4 4.9976 0.12082 0.078176 -0.01207 2.145176 0.198296 -0.105668 0.480707 -0.170983636 0.065316 28.66 535 0.07098037 0.337115 0.339582
Test 5 4.9976 0.13865 0.084342 -0.01631 2.461894 0.213937 -0.142725 0.514601 -0.185042547 0.042318 28.65 535 0.07095561 0.36101 0.220089
Test 6 4.9976 0.13854 0.084955 -0.01592 2.459877 0.215491 -0.139295 0.517969 -0.18643936 0.047144 28.65 535 0.07095561 0.363373 0.245193
Test 7 4.9976 0.10905 0.073093 -0.01315 1.936177 0.185403 -0.115078 0.452768 -0.159394764 0.044317 28.65 537 0.07069134 0.31882 0.231349
Test 8 4.9976 0.11677 0.076163 -0.01326 2.07327 0.19319 -0.116088 0.469643 -0.166394108 0.050306 28.65 537 0.07069134 0.330702 0.262615
Average 4.9976 0.128723 0.081428 -0.01426 2.285557 0.206546 -0.124765 0.498585 -0.178399035 0.053634 28.655 534.5 0.0710356 0.349328 0.278531
Std 0.018068 0.018344
Percent 5.17% 6.59%
Single Model - 0 AoA - Vel =30 ft/s 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.23426 0.13372 -0.05835 4.159377 0.339176 -0.510645 0.785994 -0.360892151 -0.14975 28.66 531 0.07151507 0.547088 -0.57563
Test 2 4.9976 0.23637 0.13458 -0.05754 4.196934 0.341356 -0.503586 0.790718 -0.363207649 -0.14038 28.66 531 0.07151507 0.550376 -0.5396
Test 3 4.9976 0.24217 0.13598 -0.0312 4.299909 0.344912 -0.273078 0.798424 -0.366984673 0.093907 28.65 535 0.07095561 0.560122 0.363814
Test 4 4.9976 0.26113 0.14549 -0.03421 4.636458 0.369031 -0.2994 0.85069 -0.39260279 0.093203 28.65 535 0.07095561 0.596788 0.361087
Test 5 4.9976 0.23312 0.13417 -0.03029 4.139118 0.340332 -0.26514 0.788499 -0.362120002 0.09698 28.65 536 0.07082323 0.554193 0.376423
Test 6 4.9976 0.22845 0.13064 -0.02999 4.056325 0.331374 -0.262475 0.769087 -0.352605218 0.09013 28.65 536 0.07082323 0.54055 0.349836
Test 7 4.9976 0.22051 0.12182 -0.02688 3.915224 0.309002 -0.235266 0.720607 -0.328842685 0.093577 28.65 538 0.07055994 0.508365 0.364568
Test 8 4.9976 0.24139 0.13213 -0.03343 4.285994 0.335154 -0.292554 0.777279 -0.356620164 0.064066 28.65 538 0.07055994 0.548345 0.249597
Average 4.9976 0.237175 0.133566 -0.03774 4.211167375 0.338792 -0.271319 0.785163 -0.359962589 0.088644 28.6525 535 0.07096346 0.550729 0.344221
Std 0.024316 0.047126
Percent 4.42% 13.69%
Single Model - 5 AoA - Vel =30 ft/s 
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Table 36: Experimental Data Runs – Baseline Model (OGE) - 10° Angle of Attack 
 
 
Table 37: Experimental Data Runs – Baseline Model (OGE) - 15° Angle of Attack 
 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.35549 0.19681 -0.0404 6.311906 0.499207 -0.353607 1.132782 -0.617006337 0.263399 28.66 531 0.07151507 0.788468 0.650255
Test 2 4.9976 0.35878 0.1986 -0.03909 6.370447 0.503745 -0.342105 1.142615 -0.622721375 0.280616 28.66 531 0.07151507 0.795313 0.692759
Test 3 4.9976 0.34 0.18503 -0.04232 6.036865 0.469332 -0.37036 1.068042 -0.579382547 0.209023 28.65 535 0.07095561 0.749268 0.520084
Test 4 4.9976 0.35224 0.19097 -0.04244 6.254249 0.484401 -0.371465 1.100697 -0.598360049 0.226895 28.65 535 0.07095561 0.772176 0.564553
Test 5 4.9976 0.33528 0.18297 -0.04214 5.953105 0.464099 -0.368783 1.056703 -0.572792244 0.204009 28.65 536 0.07082323 0.742698 0.508558
Test 6 4.9976 0.33664 0.1835 -0.04218 5.977344 0.465459 -0.369149 1.05965 -0.574504992 0.205356 28.65 536 0.07082323 0.74477 0.511916
Test 7 4.9976 0.34028 0.18365 -0.04645 6.041942 0.465842 -0.406512 1.06048 -0.574987332 0.168475 28.65 538 0.07055994 0.748134 0.421546
Test 8 4.9976 0.33455 0.18166 -0.0486 5.940161 0.460793 -0.425325 1.049538 -0.568628755 0.143304 28.65 538 0.07055994 0.740416 0.358564
Average 4.9976 0.344158 0.187899 -0.04295 6.110752375 0.47661 -0.375913 1.083813 -0.580005433 0.202752 28.6525 535 0.07096346 0.760156 0.505331
Std 0.000000 0.009765 0.006678 0.003104 0.173387 0.016935 0.027165 0.021962 0.051958
Percent 2.84% 3.55% -7.23% 2.89% 10.28%
Single Model - 10 AoA - Vel =30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.45108 0.24154 -0.06011 8.009246 0.612662 -0.526095 1.378639 -0.866480837 0.340386 28.66 532 0.07138064 0.961403 0.612933
Test 2 4.9976 0.45952 0.2453 -0.07026 8.159057 0.622216 -0.614965 1.399342 -0.879935432 0.26497 28.66 532 0.07138064 0.975841 0.477133
Test 3 4.9976 0.43824 0.23556 -0.05738 7.781304 0.597512 -0.5022 1.345809 -0.845145572 0.342946 28.65 535 0.07095561 0.944131 0.621242
Test 4 4.9976 0.45989 0.2471 -0.06198 8.16565 0.626769 -0.542455 1.409208 -0.886347278 0.343892 28.65 535 0.07095561 0.988608 0.622957
Test 5 4.9976 0.45276 0.24269 -0.05395 8.039007 0.6156 -0.472153 1.385005 -0.870618329 0.398465 28.65 537 0.07069134 0.975261 0.724513
Test 6 4.9976 0.43962 0.23476 -0.05146 7.805674 0.595483 -0.450358 1.341412 -0.842288196 0.39193 28.65 537 0.07069134 0.944564 0.712631
Test 7 4.9976 0.41524 0.22295 -0.05571 7.372881 0.565507 -0.487571 1.276454 -0.800073946 0.312503 28.65 537 0.07069134 0.898823 0.568212
Test 8 4.9976 0.4292 0.22973 -0.07235 7.620787 0.582707 -0.633227 1.313726 -0.82429616 0.191069 28.65 537 0.07069134 0.925069 0.347413
Average 4.9976 0.443194 0.237454 -0.0604 7.86920075 0.602307 -0.528628 1.356199 2.809489526 0.35502 28.6525 535.25 0.07092973 0.951712 0.619946
Std 0.029779 0.084318
Percent 3.13% 13.60%
Single Model - 15 AoA - Vel =30 ft/s 
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8.3 Experimental Data – Baseline Model (in-ground effect) 
Table 38: Experimental Data Runs – Baseline Model (IGE) - 0° Angle of Attack 
 
 
Table 39: Experimental Data Runs – Baseline Model (IGE) - 5° Angle of Attack 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.16408 0.09918 -0.0161 2.9133 0.251561 -0.140918 0.5961327 -0.218861 0.0779429 28.96 520 0.073792308 0.402131 0.38979
Test 2 4.9976 0.17162 0.10298 -0.01521 3.047152 0.261208 -0.133099 0.6170377 -0.227532 0.0944331 28.96 520 0.073792308 0.416233 0.472257
Test 3 4.9976 0.16014 0.099425 -0.02139 2.843359 0.252194 -0.187222 0.5975044 -0.21943 0.0322078 28.96 526 0.07295057 0.407707 0.162929
Test 4 4.9976 0.15585 0.097086 -0.01919 2.767243 0.246261 -0.167924 0.5846476 -0.214097 0.046173 28.96 526 0.07295057 0.398934 0.233574
Test 5 4.9976 0.17839 0.10706 -0.02046 3.16751 0.27157 -0.179105 0.6394922 -0.236846 0.057741 28.96 527 0.072812144 0.437187 0.292648
Test 6 4.9976 0.17991 0.10849 -0.01888 3.194381 0.275177 -0.165248 0.6473086 -0.240088 0.0748401 28.96 527 0.072812144 0.44253 0.379312
Test 7 4.9976 0.16792 0.10331 -0.02008 2.981501 0.262055 -0.175751 0.6188732 -0.228293 0.0525424 28.96 530 0.0724 0.425499 0.267816
Test 8 4.9976 0.16695 0.10244 -0.02307 2.96434 0.259849 -0.201885 0.6140928 -0.226311 0.0244255 28.96 530 0.0724 0.422212 0.124501
Test 9 4.9976 0.17899 0.11004 -0.02166 3.178149 0.279118 -0.189568 0.6558487 -0.24363 0.0540625 28.96 530 0.0724 0.450921 0.275564
Test 10 4.9976 0.17345 0.10767 -0.01997 3.079781 0.273096 -0.174745 0.642799 -0.238218 0.0634726 28.96 530 0.0724 0.441949 0.323529
Average 4.9976 0.16973 0.103768 -0.0196 3.0136716 0.263209 -0.180181 0.6213737 0.0577841 28.96 526.6 0.072871004 0.42453 0.308891
Std 0.018255 0.058384
Percent 4.30% 18.90%
Dual Models - 0 AoA - Vel =30 ft/s 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.34435 0.19036 -0.04459 6.114094 0.482842 -0.390237 1.0973186 -0.513488 0.1232507 28.96 524 0.073229008 0.745908 0.462674
Test 2 4.9976 0.33737 0.18593 -0.04357 5.990254 0.471626 -0.381309 1.0730135 -0.501575 0.1202656 28.96 524 0.073229008 0.729386 0.451468
Test 3 4.9976 0.34526 0.19211 -0.04624 6.130376 0.487284 -0.404681 1.1069444 -0.518206 0.1135248 28.96 526 0.07295057 0.755323 0.427791
Test 4 4.9976 0.35217 0.19581 -0.04682 6.253028 0.496673 -0.409781 1.1272904 -0.528178 0.1183974 28.96 526 0.07295057 0.769206 0.446152
Test 5 4.9976 0.35297 0.19371 -0.04489 6.267171 0.49136 -0.392918 1.1157771 -0.522535 0.1296172 28.96 527 0.072812144 0.762797 0.489359
Test 6 4.9976 0.34965 0.19187 -0.04371 6.208223 0.486672 -0.382527 1.1056182 -0.517556 0.1350288 28.96 527 0.072812144 0.755852 0.50979
Test 7 4.9976 0.3222 0.17932 -0.05382 5.720889 0.454844 -0.471053 1.0366469 -0.48375 0.0126965 28.96 530 0.0724 0.712735 0.048208
Test 8 4.9976 0.33002 0.18371 -0.05352 5.859761 0.465975 -0.468443 1.0607678 -0.495572 0.0271293 28.96 530 0.0724 0.729319 0.103008
Test 9 4.9976 0.33341 0.18868 -0.04237 5.919874 0.478583 -0.370857 1.0880894 -0.508964 0.138107 28.96 530 0.0724 0.748103 0.52438
Test 10 4.9976 0.34028 0.1922 -0.04211 6.041877 0.487531 -0.368521 1.1074797 -0.518468 0.1499472 28.96 530 0.0724 0.761435 0.569336
Average 4.9976 0.340768 0.18937 -0.04616 6.0505547 0.480339 -0.387604 1.0918946 -0.511654 28.96 527.4 0.072758344 0.747006 0.485119
Std 0.017945 0.047361
Percent 2.40% 9.76%
Dual Models - 5 AoA - Vel = 30 ft/s
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Table 40: Experimental Data Runs – Baseline Model (IGE) - 10° Angle of Attack 
 
 
Table 41: Experimental Data Runs – Baseline Model (IGE) - 15° Angle of Attack 
 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.44958 0.24078 -0.05858 7.982662 0.610747 -0.512677 1.3744887 -0.757477 0.2447999 28.96 524 0.073229008 0.934315 0.590194
Test 2 4.9976 0.4645 0.24862 -0.06022 8.24743 0.630619 -0.527039 1.4175514 -0.782503 0.2554642 28.96 524 0.073229008 0.963588 0.615905
Test 3 4.9976 0.45129 0.24471 -0.05743 8.012877 0.620722 -0.502622 1.3961046 -0.770039 0.2674171 28.96 527 0.072812144 0.954442 0.648414
Test 4 4.9976 0.44463 0.24114 -0.05587 7.894649 0.61166 -0.488976 1.3764672 -0.758627 0.2696507 28.96 527 0.072812144 0.941017 0.653829
Test 5 4.9976 0.43949 0.23753 -0.04003 7.803474 0.602496 -0.350306 1.3566088 -0.747086 0.3967798 28.96 529 0.072536862 0.930961 0.965734
Test 6 4.9976 0.45408 0.2442 -0.03668 8.062475 0.61943 -0.321016 1.3933048 -0.768412 0.447396 28.96 529 0.072536862 0.956143 1.08893
Test 7 4.9976 0.44995 0.24676 -0.06393 7.989224 0.625908 -0.5595 1.4073426 -0.77657 0.2170702 28.96 530 0.0724 0.967602 0.529332
Test 8 4.9976 0.43208 0.23617 -0.06114 7.671953 0.599053 -0.535108 1.3491479 -0.74275 0.2076418 28.96 530 0.0724 0.927591 0.506341
Test 9 4.9976 0.4289 0.23583 -0.05621 7.615495 0.598181 -0.491991 1.3472582 -0.741652 0.2496606 28.96 530 0.0724 0.926292 0.608805
Test 10 4.9976 0.44091 0.24163 -0.05693 7.828627 0.612888 -0.498292 1.3791283 -0.760173 0.2618812 28.96 530 0.0724 0.948204 0.638605
Average 4.9976 0.445541 0.241737 -0.0547 7.9108866 0.61317 -0.514526 1.3797403 28.96 528 0.072675603 0.945015 0.598928
Std 0.015130 0.054662
Percent 1.60% 9.13%
Dual Models - 10 AoA - Vel = 30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.54412 0.28576 -0.06864 9.661139 0.724839 -0.600757 1.6217261 -1.024456 0.4236991 28.96 526 0.07295057 1.106584 0.746536
Test 2 4.9976 0.56206 0.29489 -0.0707 9.979732 0.747999 -0.618778 1.6719138 -1.057072 0.4382936 28.96 526 0.07295057 1.140829 0.772251
Test 3 4.9976 0.55198 0.29301 -0.07276 9.800736 0.743238 -0.636827 1.6615967 -1.050367 0.4135399 28.96 527 0.072812144 1.135945 0.730022
Test 4 4.9976 0.55706 0.29492 -0.07296 9.890951 0.748061 -0.6386 1.6720482 -1.057159 0.418559 28.96 527 0.072812144 1.14309 0.738882
Test 5 4.9976 0.53062 0.28244 -0.07519 9.421445 0.716423 -0.658046 1.6034886 -1.012604 0.3545582 28.96 530 0.0724 1.10246 0.629464
Test 6 4.9976 0.53584 0.28473 -0.09056 9.514184 0.722216 -0.792577 1.6160421 -1.020762 0.2281853 28.96 530 0.0724 1.111091 0.405108
Test 7 4.9976 0.54688 0.29418 -0.0705 9.710201 0.746203 -0.617016 1.6680219 -1.054542 0.4375264 28.96 530 0.0724 1.146829 0.776762
Test 8 4.9976 0.55233 0.2974 -0.07071 9.806935 0.754373 -0.618839 1.6857263 -1.066048 0.4472089 28.96 530 0.0724 1.159002 0.793952
Test 9 4.9976 0.5477 0.29297 -0.06834 9.724766 0.743122 -0.5981 1.6613454 -1.050204 0.4521035 28.96 530 0.0724 1.142239 0.802641
Test 10 4.9976 0.54752 0.29276 -0.06757 9.721584 0.742593 -0.591423 1.660199 -1.049459 0.4580355 28.96 530 0.0724 1.141451 0.813173
Average 4.9976 0.547611 0.291306 -0.07279 9.7231673 0.738907 -0.619821 1.6522108 28.96 528.6 0.072592543 1.132952 0.771777
Std 0.019167 0.030812
Percent 1.69% 3.99%
Dual Models - 15 AoA - Vel = 30 ft/s
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8.4 Experimental Data – 6% Twist (in-ground effect) 
 
Table 42: Experimental Data Runs – 6% Twist Model (IGE) – (-5)° Angle of Attack 
 
 
Table 43: Experimental Data Runs – 6% Twist Model (IGE) - 0° Angle of Attack 
 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.09371 0.062543 -0.01103 1.663894 0.158642 -0.096534 0.3947772 -0.227099 0.1305649 28.82 530 0.07205 0.272743 0.185199
Test 2 4.9976 0.079615 0.053724 -0.01036 1.413621 0.136271 -0.090688 0.3462993 -0.195594 0.1049065 28.82 530 0.07205 0.239251 0.148804
Test 3 4.9976 0.066829 0.04755 -0.00423 1.186591 0.120612 -0.037014 0.3123662 -0.173542 0.1365284 28.82 530 0.07205 0.215807 0.193658
Test 4 4.9976 0.082532 0.057377 -0.00441 1.465419 0.145539 -0.038565 0.366383 -0.208646 0.1700813 28.82 530 0.07205 0.253126 0.241251
Test 5 4.9976 0.068974 0.050892 -0.00874 1.224676 0.129088 -0.07651 0.3307337 -0.185479 0.1089689 28.82 530 0.07205 0.228497 0.154566
Test 6 4.9976 0.064018 0.048235 -0.00362 1.136687 0.122349 -0.031666 0.3161303 -0.175989 0.1443226 28.82 530 0.07205 0.218408 0.204713
Test 7 4.9976 0.046403 0.041186 -0.00651 0.823909 0.104468 -0.05696 0.2773822 -0.150807 0.0938473 28.71 530 0.071775 0.192372 0.133627
Average 4.9976 0.071726 0.051644 -0.00699 1.273542429 0.130996 -0.061134 0.299384 -0.165106 0.1116135 28.7925 530.25 0.071947313 0.231457 0.170094
Std 0.026415 0.028306
Percent 11.41% 16.64%
6P Twisted Models - (-5) AoA - Vel = 30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 6 0.2619 0.14489 -0.03165 4.650129 0.367519 -0.277 0.8474137 -0.32309 0.0460897 29.2 530 0.073 0.577841 0.170936
Test 2 6 0.25291 0.13939 -0.03086 4.490558 0.35357 -0.270061 0.8171862 -0.310552 0.0404907 29.2 530 0.073 0.557229 0.150171
Test 3 6 0.25375 0.14474 -0.03265 4.505495 0.367143 -0.28573 0.8465989 -0.322752 0.0370217 29.2 535 0.072317757 0.582731 0.1386
Test 4 6 0.25527 0.14452 -0.03251 4.532533 0.36659 -0.28454 0.8454005 -0.322255 0.0377147 29.2 535 0.072317757 0.581906 0.141195
Test 5 6 0.25227 0.1423 -0.03349 4.479146 0.360952 -0.293067 0.833183 -0.317187 0.02412 29.18 537 0.071999069 0.576035 0.090699
Test 6 6 0.24722 0.1392 -0.03235 4.389547 0.35309 -0.283103 0.816146 -0.31012 0.0270172 29.18 537 0.071999069 0.564256 0.101594
Test 7 6 0.26572 0.15058 -0.03576 4.718058 0.381945 -0.313013 0.8786748 -0.336057 0.0230435 29.18 538 0.071865242 0.608618 0.086813
Test 8 6 0.26759 0.15123 -0.03559 4.751259 0.383609 -0.311482 0.8822807 -0.337552 0.0260702 29.18 538 0.071865242 0.611116 0.098215
Test 9 6 0.25802 0.14876 -0.03461 4.581238 0.377333 -0.30287 0.8686806 -0.331911 0.029041 29.18 539 0.071731911 0.602814 0.109611
Test 10 6 0.24916 0.14299 -0.03273 4.424094 0.362696 -0.286412 0.8369622 -0.318755 0.0323426 29.18 539 0.071731911 0.580803 0.122072
Average 6 0.256381 0.14486 -0.03322 4.5522057 0.367445 -0.290728 29.14455 535.8 0.072182796 0.584335 0.1111
Std 0.018007 0.020864
Percent 3.08% 18.78%
6P Twisted - 0 AoA - Vel =30 ft/s 
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Table 44: Experimental Data Runs – 6% Twist Model (IGE) - 5° Angle of Attack 
 
 
Table 45: Experimental Data Runs – 6% Twist Model (IGE) - 10° Angle of Attack 
 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.40816 0.22578 -0.0544 7.247073 0.572703 -0.476089 1.2920474 -0.608934 0.132845 29.2 532 0.072725564 0.884355 0.320491
Test 2 4.9976 0.39832 0.21988 -0.05327 7.072403 0.557724 -0.466246 1.2595879 -0.593024 0.126778 29.2 532 0.072725564 0.862138 0.305855
Test 3 4.9976 0.36899 0.20654 -0.04941 6.551698 0.523886 -0.432443 1.186261 -0.557083 0.1246398 29.18 536 0.072133396 0.818614 0.303165
Test 4 4.9976 0.38218 0.21401 -0.05101 6.785844 0.542842 -0.446452 1.2273386 -0.577217 0.130765 29.18 536 0.072133396 0.846961 0.318063
Test 5 4.9976 0.41029 0.223 -0.05391 7.284923 0.565634 -0.471869 1.2767289 -0.601426 0.1295567 29.18 537 0.071999069 0.882688 0.315712
Test 6 4.9976 0.41898 0.22698 -0.05537 7.439303 0.575743 -0.484614 1.2986351 -0.612163 0.127549 29.18 537 0.071999069 0.897833 0.31082
Test 7 4.9976 0.38256 0.21136 -0.05123 6.792697 0.536126 -0.448412 1.212785 -0.570084 0.1216716 29.18 539 0.071731911 0.841602 0.297601
Test 8 4.9976 0.38599 0.21302 -0.05132 6.853541 0.540325 -0.449121 1.2218843 -0.574544 0.1254226 29.18 539 0.071731911 0.847917 0.306776
Test 9 4.9976 0.38225 0.21211 -0.0508 6.787168 0.538029 -0.444614 1.2169088 -0.572105 0.1274909 29.18 539 0.071731911 0.844464 0.311835
Test 10 4.9976 0.37041 0.2055 -0.04905 6.576839 0.521258 -0.429335 1.1805661 -0.554291 0.1249565 29.18 539 0.071731911 0.819244 0.305636
Average 4.9976 0.390813 0.215818 -0.05198 6.9391489 0.547427 -0.45492 1.2311884 0.854582 0.308385
Std 0.026915 0.006376
Percent 3.15% 2.07%
6P Twisted Models - 5 AoA - Vel = 30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.51966 0.28023 -0.06645 9.226903 0.710809 -0.58156 1.5913231 -0.883492 0.3019323 29.2 533 0.072589118 1.091245 0.541711
Test 2 4.9976 0.51381 0.27705 -0.06588 9.123023 0.702747 -0.57656 1.5738527 -0.873339 0.2967793 29.2 533 0.072589118 1.079265 0.532466
Test 3 4.9976 0.48861 0.26315 -0.06301 8.675626 0.66749 -0.551498 1.4974508 -0.828938 0.2774395 29.18 536 0.072133396 1.03336 0.500912
Test 4 4.9976 0.50144 0.27046 -0.0643 8.903366 0.686025 -0.562733 1.5376162 -0.85228 0.289547 29.18 536 0.072133396 1.061077 0.522772
Test 5 4.9976 0.50128 0.2729 -0.06582 8.900585 0.692208 -0.576035 1.5510147 -0.860067 0.2840317 29.18 537 0.071999069 1.07232 0.513771
Test 6 4.9976 0.49301 0.26765 -0.06443 8.753703 0.6789 -0.563937 1.5221763 -0.843307 0.27937 29.18 537 0.071999069 1.052382 0.505339
Test 7 4.9976 0.519 0.2773 -0.06815 9.215285 0.70339 -0.596462 1.5752461 -0.874149 0.277687 29.18 539 0.071731911 1.093129 0.504165
Test 8 4.9976 0.50149 0.26739 -0.0656 8.904276 0.678231 -0.574165 1.5207266 -0.842464 0.2682995 29.18 539 0.071731911 1.055296 0.487121
Test 9 4.9976 0.49708 0.27082 -0.06506 8.825964 0.686941 -0.569377 1.5396011 -0.853434 0.2840566 29.18 539 0.071731911 1.068394 0.51573
Test 10 4.9976 0.51079 0.27831 -0.06701 9.069483 0.705944 -0.586467 1.5807806 -0.877365 0.2908985 29.18 539 0.071731911 1.09697 0.528152
Average 4.9976 0.504617 0.272526 -0.06557 8.9598214 0.691269 -0.573879 1.5489788 29.184 536.8 0.072037081 1.070344 0.509745
Std 0.020426 0.016465
Percent 1.91% 3.23%
6P Twisted Models - 10 AoA - Vel = 30 ft/s
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Table 46: Experimental Data Runs – 6% Twist Model (IGE) - 15° Angle of Attack 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.56816 0.30583 -0.07236 10.088089 0.775739 -0.63334 1.7320264 -1.096137 0.462797 29.2 533 0.072589118 1.187732 0.651575
Test 2 4.9976 0.57813 0.3116 -0.07321 10.265118 0.790382 -0.640735 1.7637578 -1.116758 0.4760233 29.2 533 0.072589118 1.209492 0.670197
Test 3 4.9976 0.56138 0.30329 -0.07213 9.967611 0.769298 -0.631328 1.7180688 -1.087066 0.4557383 29.18 536 0.072133396 1.185604 0.645691
Test 4 4.9976 0.5609 0.30442 -0.07188 9.959198 0.772172 -0.629119 1.7242967 -1.091114 0.4619947 29.18 536 0.072133396 1.189902 0.654555
Test 5 4.9976 0.58313 0.31675 -0.07471 10.353797 0.803453 -0.653838 1.7920827 -1.135166 0.4813278 29.18 538 0.071865242 1.241294 0.684491
Test 6 4.9976 0.56935 0.30855 -0.07305 10.109125 0.782652 -0.639354 1.7470069 -1.105872 0.4665184 29.18 538 0.071865242 1.210072 0.663431
Test 7 4.9976 0.56165 0.30234 -0.06966 9.9725 0.7669 -0.609664 1.7128723 -1.083689 0.4740253 29.18 539 0.071731911 1.188634 0.675359
Test 8 4.9976 0.57337 0.30808 -0.07076 10.180541 0.781457 -0.619289 1.7444173 -1.104189 0.4849005 29.18 539 0.071731911 1.210524 0.690853
Test 9 4.9976 0.56054 0.30618 -0.06992 9.952858 0.776631 -0.611919 1.7339594 -1.097393 0.4854742 29.18 540 0.071599074 1.205499 0.692954
Test 10 4.9976 0.58454 0.31898 -0.07277 10.378952 0.809089 -0.636896 1.8042959 -1.143103 0.5062068 29.18 540 0.071599074 1.254399 0.722547
Average 4.9976 0.570115 0.308602 -0.07204 10.1227789 0.782777 -0.630548 1.7472784 29.184 537.2 0.071983748 1.208315 0.675165
Std 0.023320 0.023350
Percent 1.93% 3.46%
6P Twisted Models - 15 AoA - Vel = 30 ft/s
147 
 
8.5 Experimental Data – 10% Twist (in-ground effect) 
 
Table 47: Experimental Data Runs – 10% Twist Model (IGE) – (-5)° Angle of Attack 
 
 
Table 48: Experimental Data Runs – 10% Twist Model (IGE) – 0° Angle of Attack 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.128 0.079761 -0.02221 2.272677 0.202315 -0.19441 0.4894166 -0.288602 0.0941922 28.82 526 0.072597909 0.335575 0.123910601
Test 2 4.9976 0.12828 0.08078 -0.01636 2.277679 0.204901 -0.143202 0.4950205 -0.292244 0.149042 28.82 528 0.072322917 0.340708 0.196811455
Test 3 4.9976 0.12256 0.077051 -0.01655 2.17608 0.195442 -0.144826 0.4745228 -0.278923 0.1340971 28.82 528 0.072322917 0.3266 0.177076677
Test 4 4.9976 0.14105 0.086539 -0.01741 2.50445 0.219508 -0.152415 0.5266738 -0.312815 0.1603995 28.82 528 0.072322917 0.362494 0.211809251
Test 5 4.9976 0.15674 0.094962 -0.01894 2.783097 0.240873 -0.165759 0.5729718 -0.342902 0.1771432 28.82 530 0.07205 0.395854 0.234805477
Test 6 4.9976 0.13673 0.080401 -0.01729 2.427737 0.203938 -0.151351 0.4929336 -0.290888 0.1395368 28.82 530 0.07205 0.340557 0.184957742
Test 7 4.9976 0.14048 0.082788 -0.0162 2.494358 0.209995 -0.141742 0.5060592 -0.299418 0.1576757 28.82 532 0.071779135 0.350945 0.209789737
Test 8 4.9976 0.13366 0.082565 -0.01674 2.373228 0.209428 -0.146492 0.5048305 -0.298619 0.1521272 28.82 532 0.071779135 0.350093 0.202407394
Average 4.9976 0.135938 0.083106 -0.01771 2.41366325 0.2108 -0.149398 0.4164429 -0.241179 0.117159 28.82 530.2 0.072024553 0.350353 0.202522533
Std 0.021346 0.019017
Percent 6.09% 9.39%
10P Twisted Models - (-5) AoA - Vel = 30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 6 0.33164 0.18407 -0.04334 5.888478 0.466889 -0.379337 1.0627485 -0.412408 0.0330714 29.29 522 0.074347222 0.711543 0.101567712
Test 2 6 0.32825 0.18207 -0.04309 5.828315 0.461826 -0.377088 1.0517769 -0.407858 0.0307696 29.29 522 0.074347222 0.704197 0.094498275
Test 3 6 0.3297 0.18479 -0.04235 5.854061 0.468714 -0.370638 1.0667032 -0.414049 0.0434108 29.29 528 0.073502367 0.7224 0.134854113
Test 4 6 0.31479 0.17636 -0.03998 5.589339 0.447344 -0.349899 1.0203944 -0.39484 0.0449414 29.29 528 0.073502367 0.691039 0.139608793
Test 5 6 0.32606 0.1839 -0.04336 5.789351 0.466476 -0.379513 1.0618535 -0.412037 0.0325242 29.29 530 0.073225 0.72184 0.101417932
Test 6 6 0.30264 0.17118 -0.03992 5.373514 0.434209 -0.349414 0.9919309 -0.383034 0.03362 29.29 530 0.073225 0.674307 0.104834916
Test 7 6 0.31023 0.17443 -0.04178 5.508427 0.442435 -0.365666 1.0097566 -0.390428 0.024762 29.29 532 0.072949718 0.689015 0.077504827
Test 8 6 0.31519 0.17684 -0.04242 5.596367 0.448547 -0.371301 1.0230013 -0.395922 0.0246207 29.29 532 0.072949718 0.698053 0.077062781
Test 9 6 0.32282 0.18191 -0.04238 5.731903 0.461429 -0.370881 1.0509166 -0.407501 0.0366197 29.29 534 0.072676498 0.719797 0.115050453
Test 10 6 0.31318 0.1764 -0.04098 5.560667 0.447454 -0.358689 1.0206328 -0.394939 0.0362503 29.29 534 0.072676498 0.699055 0.113889799
Average 6 0.31945 0.179195 -0.04196 5.6720422 0.454532 -0.367243 0.073340161 0.703124 0.113215249
Std 0.015950 0.016319
Percent 2.27% 14.41%
148 
 
Table 49: Experimental Data Runs – 10% Twist Model (IGE) – 5° Angle of Attack 
 
 
Table 50: Experimental Data Runs – 10% Twist Model (IGE) – 10° Angle of Attack 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.44262 0.24027 -0.05475 7.858979 0.609443 -0.479184 1.371663 -0.647958 0.1687736 29.29 522 0.074347222 0.918371 0.355500447
Test 2 4.9976 0.43928 0.23815 -0.05442 7.799771 0.604072 -0.476298 1.360024 -0.642253 0.1659548 29.29 522 0.074347222 0.910578 0.349562925
Test 3 4.9976 0.44713 0.24345 -0.05753 7.939066 0.617512 -0.503547 1.3891485 -0.656528 0.1529811 29.29 528 0.073502367 0.940769 0.325939444
Test 4 4.9976 0.42057 0.22931 -0.05336 7.467557 0.581654 -0.467038 1.3114442 -0.618441 0.1514034 29.29 528 0.073502367 0.888145 0.3225779
Test 5 4.9976 0.43764 0.23977 -0.05602 7.770518 0.608184 -0.490258 1.3689347 -0.64662 0.1563624 29.29 531 0.0730871 0.932347 0.335036279
Test 6 4.9976 0.42628 0.23302 -0.05414 7.568884 0.591058 -0.473801 1.3318227 -0.62843 0.1546289 29.29 531 0.0730871 0.907071 0.331321993
Test 7 4.9976 0.43553 0.23912 -0.05805 7.733049 0.60654 -0.508065 1.3653722 -0.644874 0.1368092 29.29 532 0.072949718 0.931672 0.293691895
Test 8 4.9976 0.43113 0.237 -0.05768 7.654989 0.601165 -0.50484 1.3537246 -0.639165 0.1343251 29.29 532 0.072949718 0.923724 0.288359247
Test 9 4.9976 0.42792 0.23242 -0.05616 7.597933 0.589531 -0.491493 1.3285137 -0.626808 0.135315 29.29 534 0.072676498 0.909929 0.291576312
Test 10 4.9976 0.45037 0.24359 -0.05843 7.996661 0.617877 -0.511396 1.3899395 -0.656916 0.1455198 29.29 534 0.072676498 0.952001 0.313565686
Average 4.9976 0.435847 0.23761 -0.05605 7.7387407 0.602704 -0.490592 1.355436 0.921461 0.312758595
Std 0.018593 0.018971
Percent 2.02% 6.07%
10P Twisted Models - 5 AoA - Vel = 30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.52501 0.28404 -0.06739 9.321909 0.720483 -0.58978 1.6122867 -0.895676 0.3058955 29.29 526 0.073781844 1.087748 0.495666031
Test 2 4.9976 0.54071 0.29198 -0.0697 9.600612 0.740626 -0.609993 1.6559365 -0.921043 0.3110501 29.29 526 0.073781844 1.117197 0.504018369
Test 3 4.9976 0.53376 0.28928 -0.06762 9.477327 0.733774 -0.591792 1.6410883 -0.912414 0.3206219 29.29 530 0.073225 1.115599 0.523479031
Test 4 4.9976 0.51421 0.27898 -0.06536 9.130231 0.707649 -0.57203 1.5844754 -0.879513 0.3074827 29.29 530 0.073225 1.077114 0.502026771
Test 5 4.9976 0.50516 0.27464 -0.06602 8.969473 0.696622 -0.577822 1.5605799 -0.865626 0.2878036 29.29 531 0.0730871 1.062872 0.470783295
Test 6 4.9976 0.52737 0.28584 -0.06841 9.36385 0.725051 -0.598732 1.6221855 -0.901428 0.3026963 29.29 531 0.0730871 1.10483 0.49514453
Test 7 4.9976 0.53631 0.28873 -0.06752 9.522514 0.732373 -0.590976 1.6380523 -0.910649 0.3196735 29.29 531 0.0730871 1.115636 0.522915382
Test 8 4.9976 0.52139 0.2795 -0.06521 9.257682 0.708948 -0.570742 1.5872903 -0.881149 0.3104066 29.29 531 0.0730871 1.081063 0.507756891
Test 9 4.9976 0.52705 0.28365 -0.0666 9.358115 0.719496 -0.582865 1.6101478 -0.894433 0.3115675 29.29 534 0.072676498 1.102827 0.512535236
Test 10 4.9976 0.52157 0.28048 -0.06557 9.260879 0.711442 -0.573845 1.5926948 -0.88429 0.3104445 29.29 534 0.072676498 1.090873 0.510687884
Average 4.9976 0.525254 0.283712 -0.06694 9.3262592 0.719646 -0.585858 1.6104737 -0.894622 0.3087642 29.29 530.4 0.073171508 1.095576 0.504501342
Std 0.018599 0.015353
Percent 1.70% 3.04%
10P Twisted Models - 10 AoA - Vel = 30 ft/s
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Table 51: Experimental Data Runs – 10% Twist Model (IGE) – 15° Angle of Attack 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Pitch Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.60815 0.32889 -0.07478 10.798101 0.834246 -0.654495 1.8588111 -1.178531 0.5240356 29.29 526 0.073781844 1.254068 0.678311263
Test 2 4.9976 0.58754 0.31789 -0.07179 10.43226 0.806329 -0.628298 1.7983149 -1.139216 0.5109179 29.29 526 0.073781844 1.213254 0.661331817
Test 3 4.9976 0.61256 0.33209 -0.07525 10.876478 0.842346 -0.658593 1.8763638 -1.189938 0.5313445 29.29 530 0.073225 1.275537 0.693002198
Test 4 4.9976 0.5993 0.32377 -0.0735 10.640919 0.821249 -0.643257 1.8306466 -1.160227 0.5169703 29.29 530 0.073225 1.244459 0.674254706
Test 5 4.9976 0.59215 0.32292 -0.07195 10.513982 0.819099 -0.629714 1.8259875 -1.1572 0.5274855 29.29 531 0.0730871 1.243634 0.689267163
Test 6 4.9976 0.56464 0.30774 -0.06895 10.025616 0.780581 -0.603461 1.742519 -1.102956 0.4994948 29.29 531 0.0730871 1.186786 0.652691647
Test 7 4.9976 0.60356 0.32928 -0.07451 10.716626 0.835239 -0.652125 1.8609629 -1.179929 0.527804 29.29 532 0.072949718 1.269842 0.690982122
Test 8 4.9976 0.58086 0.31837 -0.07148 10.313592 0.807557 -0.625639 1.800976 -1.140945 0.5153063 29.29 532 0.072949718 1.228909 0.674620601
Test 9 4.9976 0.57938 0.314 -0.07134 10.287248 0.796468 -0.624374 1.7769462 -1.125329 0.500955 29.29 534 0.072676498 1.217071 0.658297944
Test 10 4.9976 0.57575 0.31231 -0.07062 10.222865 0.792192 -0.618063 1.7676801 -1.119307 0.5012442 29.29 534 0.072676498 1.210724 0.658678036
Average 4.9976 0.590389 0.320726 -0.07242 10.4827687 0.813531 -0.633802 1.8139208 -1.149358 0.5155558 29.29 530.6 0.073144032 1.234428 0.67314375
Std 0.028140 0.014870
Percent 2.28% 2.21%
10P Twisted Models - 15 AoA - Vel = 30 ft/s
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8.6 Experimental Data – 10% Spanwise Curve (in-ground effect) 
Table 52: Experimental Data Runs – 10% Spanwise Curve Model (IGE) – 0° Angle of Attack 
 
 
Table 53: Experimental Data Runs – 10% Spanwise Curve Model (IGE) – 5° Angle of Attack 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.096627 0.06778 -0.01315 1.715683 0.171922 -0.115093 0.423555 -0.147277 0.0321844 29.14 524 0.07368416 0.286135 0.161093
Test 2 4.9976 0.08993 0.060805 -0.01089 1.59676 0.154234 -0.095341 0.3852251 -0.131379 0.0360375 29.14 524 0.07368416 0.260241 0.180379
Test 3 4.9976 0.08829 0.064562 -0.01266 1.567653 0.163762 -0.110837 0.4058723 -0.139943 0.0291058 29.14 528 0.073125947 0.276282 0.146795
Test 4 4.9976 0.080394 0.059573 -0.01103 1.427448 0.151108 -0.096544 0.378451 -0.128569 0.0320247 29.14 528 0.073125947 0.257617 0.161517
Test 5 4.9976 0.095737 0.069098 -0.01313 1.69987 0.175268 -0.114872 0.4308058 -0.150285 0.0354129 29.14 530 0.07285 0.294366 0.179282
Test 6 4.9976 0.097886 0.070163 -0.01355 1.738031 0.177969 -0.118605 0.4366588 -0.152713 0.0341077 29.14 530 0.07285 0.298365 0.172674
Test 7 4.9976 0.079658 0.059306 -0.01121 1.414376 0.150432 -0.098117 0.3769861 -0.127961 0.0298441 29.14 531 0.072712806 0.258077 0.151374
Test 8 4.9976 0.084407 0.061591 -0.01058 1.498697 0.156227 -0.092598 0.3895439 -0.13317 0.0405719 29.14 531 0.072712806 0.266674 0.205788
Test 9 4.9976 0.083443 0.06069 -0.01079 1.481594 0.153942 -0.094399 0.3845923 -0.131116 0.036717 29.14 532 0.072576128 0.26378 0.186586
Test 10 4.9976 0.08772 0.063313 -0.01084 1.557521 0.160594 -0.094879 0.3990072 -0.137095 0.0422162 29.14 532 0.072576128 0.273667 0.214531
Average 4.9976 0.088409 0.063688 -0.01178 1.5697633 0.161546 -0.103129 0.4010697 -0.137951 0.0348222 29.14 529 0.072989808 0.267809 0.179247
Std 0.010109 0.019631
Percent 3.77% 10.95%
10P Curved - 0 AoA - Vel =30 ft/s (Vel2)
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.21493 0.12881 -0.02748 3.81627 0.326738 -0.240526 0.7590412 -0.347681 0.1071551 29.14 526 0.073403992 0.514732 0.332449
Test 2 4.9976 0.23459 0.13953 -0.03044 4.165334 0.353927 -0.266371 0.8179598 -0.37656 0.110189 29.14 526 0.073403992 0.554687 0.341862
Test 3 4.9976 0.24863 0.14801 -0.03381 4.414548 0.375439 -0.295899 0.8645763 -0.399409 0.1035101 29.14 530 0.07285 0.590758 0.323583
Test 4 4.9976 0.24129 0.1428 -0.0325 4.284236 0.362214 -0.284401 0.8359177 -0.385362 0.1009611 29.14 530 0.07285 0.571175 0.315615
Test 5 4.9976 0.2276 0.13527 -0.02996 4.041267 0.343114 -0.26219 0.794528 -0.365075 0.1028849 29.14 530 0.07285 0.542894 0.321629
Test 6 4.9976 0.2291 0.13748 -0.02944 4.067816 0.348726 -0.257653 0.8066892 -0.371036 0.1133827 29.14 530 0.07285 0.551204 0.354446
Test 7 4.9976 0.22084 0.13367 -0.03014 3.921113 0.339068 -0.263794 0.7857604 -0.360777 0.0969834 29.14 532 0.072576128 0.538929 0.304324
Test 8 4.9976 0.21959 0.13176 -0.02949 3.899019 0.334208 -0.258092 0.7752287 -0.355615 0.0975234 29.14 532 0.072576128 0.531706 0.306018
Test 9 4.9976 0.22383 0.1348 -0.03044 3.974249 0.341911 -0.266382 0.7919211 -0.363797 0.0974151 29.14 534 0.072304307 0.545197 0.306828
Test 10 4.9976 0.2259 0.13477 -0.03024 4.010966 0.341851 -0.26466 0.7917911 -0.363733 0.0990734 29.14 534 0.072304307 0.545107 0.312051
Average 4.9976 0.22863 0.13669 -0.03039 4.0594818 0.34672 -0.265997 0.8071525 0.548639 0.321881
Std 0.020851 0.016656
Percent 3.80% 5.17%
10P Curved Models - 5 AoA - Vel = 30 ft/s
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Table 54: Experimental Data Runs – 10% Spanwise Curve Model (IGE) – 10° Angle of Attack 
 
 
Table 55: Experimental Data Runs – 10% Spanwise Curve Model (IGE) – 15° Angle of Attack 
 
 
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.36061 0.2037 -0.04626 6.40289 0.516693 -0.404888 1.1706737 -0.639028 0.2341397 29.14 527 0.073264706 0.795383 0.531382
Test 2 4.9976 0.36074 0.20432 -0.04602 6.405173 0.518272 -0.402785 1.1740954 -0.641016 0.2382313 29.14 527 0.073264706 0.797708 0.540668
Test 3 4.9976 0.36191 0.20577 -0.04791 6.426021 0.521951 -0.419345 1.1820678 -0.64565 0.2263045 29.14 530 0.07285 0.807697 0.516524
Test 4 4.9976 0.35557 0.20118 -0.04664 6.31346 0.51029 -0.408228 1.1567984 -0.630964 0.222736 29.14 530 0.07285 0.79043 0.508379
Test 5 4.9976 0.37103 0.20851 -0.04872 6.587859 0.528903 -0.426445 1.1971328 -0.654405 0.2279597 29.14 530 0.07285 0.817991 0.520301
Test 6 4.9976 0.364 0.20501 -0.04739 6.463111 0.520012 -0.414802 1.177866 -0.643208 0.2284056 29.14 530 0.07285 0.804826 0.521319
Test 7 4.9976 0.35329 0.19972 -0.04853 6.27292 0.506588 -0.424705 1.1487762 -0.626302 0.2015968 29.14 532 0.072576128 0.787911 0.461866
Test 8 4.9976 0.35633 0.19864 -0.04806 6.326916 0.503866 -0.420628 1.1428776 -0.622874 0.2022458 29.14 532 0.072576128 0.783865 0.463353
Test 9 4.9976 0.35827 0.20382 -0.04745 6.361341 0.516987 -0.415315 1.1713108 -0.639398 0.224083 29.14 534 0.072304307 0.806387 0.515313
Test 10 4.9976 0.36233 0.20543 -0.0477 6.433485 0.521075 -0.417433 1.1801695 -0.644546 0.2271133 29.14 534 0.072304307 0.812486 0.522282
Average 4.9976 0.360408 0.20361 -0.04747 6.3993176 0.516464 -0.415457 1.1701768 29.14 530.6 0.072769028 0.800468 0.510139
Std 0.011182 0.026560
Percent 1.40% 5.21%
10P Curved Models - 10 AoA - Vel = 30 ft/s
Input V Pitch V Lift V Drag V Pitch Moment Lift Force Drag Force Act. Lift Drag Interf. Act. Drag P [in Hg] T [R] rho [lb/ft3] CL CD
Test 1 4.9976 0.466 0.25966 -0.06013 8.274116 0.658642 -0.526232 1.4782772 -0.931233 0.405001 29.14 528 0.073125947 1.006282 0.6753
Test 2 4.9976 0.4586 0.25485 -0.05875 8.142832 0.646437 -0.514188 1.451829 -0.914045 0.3998571 29.14 528 0.073125947 0.988279 0.666723
Test 3 4.9976 0.47226 0.26258 -0.06185 8.385246 0.666053 -0.541283 1.4943369 -0.94167 0.4003867 29.14 530 0.07285 1.021068 0.670134
Test 4 4.9976 0.46299 0.25745 -0.06041 8.220676 0.653025 -0.528692 1.4661052 -0.923323 0.3946308 29.14 530 0.07285 1.001777 0.660501
Test 5 4.9976 0.44105 0.24666 -0.05862 7.831148 0.625652 -0.513018 1.4067879 -0.884774 0.3717562 29.14 531 0.072712806 0.96306 0.623389
Test 6 4.9976 0.44047 0.24591 -0.05809 7.820809 0.623768 -0.508428 1.4027053 -0.882121 0.3736931 29.14 531 0.072712806 0.960265 0.626637
Test 7 4.9976 0.45642 0.25415 -0.05946 8.104016 0.644669 -0.520402 1.4479977 -0.911555 0.3911533 29.14 532 0.072576128 0.993138 0.657151
Test 8 4.9976 0.44497 0.24704 -0.05713 7.900782 0.626614 -0.50001 1.4088725 -0.886129 0.386119 29.14 532 0.072576128 0.966303 0.648693
Test 9 4.9976 0.44667 0.24809 -0.05733 7.930967 0.629288 -0.501776 1.4146671 -0.889895 0.3881187 29.14 534 0.072304307 0.973925 0.654504
Test 10 4.9976 0.44554 0.24704 -0.05677 7.910827 0.626635 -0.496893 1.408918 -0.886159 0.3892656 29.14 534 0.072304307 0.969967 0.656438
Average 4.9976 0.453497 0.252343 -0.05885 8.0521419 0.640078 -0.515092 1.4380497 -0.90509 0.3899981 29.14 531 0.072713838 0.984406 0.653947
Std 0.020817 0.017153
Percent 2.11% 2.62%
10P Curved Models - 15 AoA - Vel = 30 ft/s
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8.7 Experimental Data Variance 
Table 56: Variation in the Experimental Data Set across Test Runs 
 
 
Table 57: Standard Deviation in the Experimental Data Set across Test Runs 
Standard Deviation 
  Freestream Baseline 6% Twisted 10% Twisted 10 % Curved 
  CL CD CL CD CL CD CL CD CL CD 
0 0.0181 0.0183 0.0183 0.0584 0.0180 0.0209 0.0160 0.0163 0.0101 0.0196 
5 0.0243 0.0471 0.0179 0.0474 0.0269 0.0064 0.0186 0.0190 0.0209 0.0167 
10 0.0220 0.0520 0.0151 0.0547 0.0204 0.0165 0.0186 0.0154 0.0112 0.0266 
15 0.0298 0.0843 0.0192 0.0308 0.0233 0.0233 0.0281 0.0149 0.0208 0.0172 
 
CL CD CL CD CL CD CL CD CL CD
0 5.17% 6.59% 4.30% 18.90% 3.08% 18.78% 2.27% 14.41% 3.77% 10.95%
5 4.42% 13.69% 2.40% 9.76% 3.15% 2.07% 2.02% 6.07% 3.80% 5.17%
10 2.89% 10.28% 1.60% 9.13% 1.91% 3.23% 1.70% 3.04% 1.40% 5.21%
15 3.13% 13.60% 1.69% 3.99% 1.93% 3.46% 2.28% 2.21% 2.11% 2.62%
Percent Variation
Freestream Baseline 6% Twisted 10% Twisted 10 % Curved
